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Self-assembly of amphiphilic molecules occurs extensively in water, and can 
result in a variety of large, nanoscale aggregates, including long cylindrical chains called 
wormlike micelles (WLMs), as well as nanoscale containers called vesicles. However, in 
organic solvents of polarity lower than water, such as formamide, glycerol, and ethylene 
glycol, self-assembly has been demonstrated only to a limited extent. While there are 
reports of small micelles in these solvents, there are no reports of large structures such as 
WLMs and vesicles (with at least one length scale > 100 nm). In this dissertation, we 
show that both WLMs and vesicles can be formed in these solvents, and thereby our work 
expands the possibilities for self-assembly to new systems. Applications for the fluids 
developed here could arise in cosmetics, pharmaceutics, antifreeze agents, and lubricants.  
 
 In the first part of this study, we demonstrate the formation of WLMs in polar 
solvents like glycerol and formamide. WLMs in water are induced by combining a 
cationic surfactant and a salt, but the combinations that work for water mostly do not 
work in polar solvents. The combination that does work in the latter involves a cationic 
surfactant with a very long (erucyl, C22) tail and an aromatic salt such as sodium 
salicylate. These WLMs display viscoelastic and shear-thinning rheology, as expected. 
 
 
By using a low-freezing mixture of glycerol and ethylene glycol, we are able to devise 
formulations in which WLMs remain intact down to sub-zero temperatures (–20°C). 
Thereby, we have been able to extend the range for WLM existence to much lower 
temperatures than in previous studies. 
 
Next, in the second part, we focus on the dynamic rheology of WLMs in glycerol, 
which is shown to be very different from that of WLMs in water. Specifically, WLMs in 
glycerol exhibit a double-crossover of their elastic (G′) and viscous (G″) moduli within 
the range of frequencies accessible by a rheometer. We believe that the high viscosity of 
glycerol influences the rheology at high frequencies. We also hypothesize that the WLMs 
in glycerol are shorter and weakly entangled compared to WLMs in water. Moreover, in 
terms of their dynamics, we suggest that WLMs in glycerol are similar to polymers – i.e., 
the chains will remain intact and not break and re-form frequently.  
 
 In the last study, we demonstrate the formation of vesicles in polar solvents 
(glycerol, formamide and ethylene glycol) using the simple phospholipid, lecithin. 
Lecithin dissolves readily in polar solvents and gives rise to viscous fluids at low 
concentrations (~ 2 to 4%). At higher concentrations (> 10 wt%), lecithin forms clear gels 
that are strongly birefringent at rest. Dynamic rheology of the latter reveals an elastic, 
gel-like response. Images from cryo-scanning electron microscopy (cryo-SEM) indicate 
that the concentrated samples are ‘vesicle gels’, where multilamellar vesicles (MLVs, 
also called onions), with sizes between 50 to 600 nm, are close-packed across the sample 
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List of Figures 
 
Figure 1.1. Overview of this study. A scale of solvent properties such as their cohesive 
energy density or polarity is shown schematically. Self-assembly of surfactants into large 
aggregates such as wormlike micelles (WLMs) and vesicles occurs in solvents at both 
extremes of this scale: i.e., in water (highly polar) and in oils (highly nonpolar). 
However, in pure solvents with lower polarity than water, there are no reports of such 
aggregates thus far, and that is the focus of this dissertation. 
 
Figure 2.1.  Schematics showing how the geometry of amphiphiles dictates the 
structures formed by self-assembly in water. The hydrophilic heads of the amphiphiles 
are shown in blue and the hydrophobic tails in red. 
 
Figure 2.2. Schematic indicating the Krafft temperature (TK) of a surfactant. The TK 
corresponds to the intersection of the solubility curve and the curve of the CMC as a 
function of temperature. Below TK, no self-assembly occurs because the surfactant 
crystallizes out of solution. 
 
Figure 2.3. Schematic of wormlike micelles (WLMs). The structure of an individual 
WLM as well as the entanglement of micellar chains into a transient network are both 
shown. 
 
Figure 2.4.  Schematic of a SANS experiment (adapted from www.gkss.de). 
 
Figure 3.1. Overview of this study. (A) Surfactants (with their hydrophilic heads in blue 
and their hydrophobic tails in red) can self-assemble into micelles, which can be discrete 
spheres (5 nm in diameter), or wormlike chains (diameter of 5 nm and length L > 100 
nm). The latter, termed WLMs, are the main structures of interest here. Their formation 
results in the solution becoming viscoelastic. (B) Scale of solvent properties such as the 
cohesive energy density or polarity. WLMs have been formed in solvents at both 
extremes of this scale: i.e., in water (highly polar) and in oils (highly nonpolar). 
However, in solvents with lower polarity than water, there are no reports of WLMs thus 
far, and that is the focus of this work. (C) Structures of molecules used in this study. 
These include the cationic surfactants erucyl bis(hydroxyethyl) methyl ammonium 
chloride (EHAC) and cetyl pyridinium chloride (CPyCl), and the aromatic salts sodium 
salicylate (NaSal) and sodium tosylate (NaTos).     
 
Figure 3.2. Wormlike micelles (WLMs) of EHAC-NaSal in glycerol at 25°C. (a) 
Steady shear rheology (plots of the relative viscosity η/ηsolvent as a function of shear-rate) 
for 60 mM EHAC samples containing 30 or 60 mM NaSal. (b) Dynamic rheology (plots 
of the elastic modulus G′, viscous modulus G″, and complex viscosity η* as functions of 
frequency ω) for the 60 mM EHAC + 60 mM NaSal sample. This sample shows shear-
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thinning in steady-shear and a viscoelastic response in dynamic rheology, indicating the 
presence of WLMs. (c) Visual observations further support this finding. The first photo 
shows that the sample is viscoelastic and is able to hold its weight in the inverted vial. 
The second photo, taken under crossed polarizers, shows that the sample is flow-
birefringent (streaks of light appear when the sample is shaken). 
 
Figure 3.3. Effects of different salts on the formation of WLMs by EHAC in glycerol 
at 25°C. The plot shows the relative zero-shear viscosity (η0/ηsolvent) as functions of salt 
concentration for various salts, with the EHAC concentration fixed at 60 mM. WLM 
formation is reflected by a substantial increase in η0 and is observed only with NaSal and 
NaTos. 
 
Figure 3.4. Vial photos showing coacervation of EHAC/NaTos samples in glycerol. 
Samples of EHAC/NaTos in glycerol show a 2-phase region. Photos of selected samples 
are shown here. The samples contain 60 mM EHAC and varying NaTos (120, 150, 180, 
240 and 300 mM). All samples show two co-existing liquid phases, i.e., coacervation. 
The phase boundary between the surfactant-rich phase (bluish) and the salt-rich phase 
(colorless) is indicated in each sample by a line for clarity. 
 
Figure 3.5. Comparison of EHAC and CPyCl for their ability to form WLMs in 
glycerol at 25°C. The plot shows the relative zero-shear viscosity (η0/ηsolvent) as functions 
of NaSal concentration for the two surfactants, with the surfactant concentration held 
constant at 60 mM. WLM formation is reflected by a substantial increase in η0 and is 
observed only with EHAC. 
 
Figure 3.6. Conditions for WLM formation in polar solvents like glycerol, and a 
mechanistic picture for the same. WLMs form only when EHAC is combined with 
binding salts like NaSal or NaTos. For all other cases (EHAC + simple salts; other 
surfactants + any salts), no WLMs are produced. In the absence of salt, EHAC has a 
critical packing parameter (CPP) of ~ 1/3 because of strong electrostatic repulsions 
between its headgroups (and thereby a large area per headgroup ahg). When a binding salt 
like NaSal is added, its counterions will bind to EHAC micelles. This will occur with the 
aromatic rings inserting into the hydrophobic core of the micelle. The anionic 
counterions, in turn, will neutralize the cationic headgroups and thus reduce ahg, which 
increases the CPP to ~ 1/2. This will induce the spherical micelles to transform into 
WLMs.     
 
Figure 3.7. Steady-shear rheology of EHAC-NaSal samples in various solvents. The 
data are for the relative viscosity η/ηsolvent as a function of shear-rate. All samples contain 
60 mM EHAC. The NaSal concentration is 60 mM in the glycerol sample and 90 mM in 
the formamide sample. Data are shown for glycerol and ethylene glycol at 25°C and for 
formamide at 5°C. 
 
Figure 3.8. Steady-shear rheology in formamide at different temperatures. The data 
are for the relative viscosity η/ηsolvent as a function of shear-rate for a sample of 60 mM 
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EHAC + 90 mM NaSal in formamide at temperatures of 25, 15 and 5°C. The sample 
remains Newtonian at 15 and 25°C while it is shear-thinning at 5°C.  
 
Figure 3.9. Steady-shear rheology of WLMs in a low-freezing solvent (90-10 mixture 
of Gly-EG) from ambient to sub-zero temperatures. The data are for the viscosity η as 
a function of shear-rate. The sample contains 60 mM EHAC and 120 mM NaSal. 
 
Figure 3.10. Arrhenius (semilog) plot of the zero-shear viscosity vs. 1/T, using the 
data from Figure 3.9. The sample contains 60 mM EHAC and 120 mM NaSal in a 
90-10 Gly-EG mixture.  
 
Figure 3.11. SANS plots for samples of EHAC/NaSal in deuterated solvents. Each 
plot shows the scattered intensity I vs. wave vector q. (a) Data for 60/30 and 60/60 mM 
EHAC/NaSal in glycerol at 25°C. (b) Data for 60/30 EHAC/NaSal in glycerol at 25°C 
and 65°C. (c) Data for 60/60 EHAC/NaSal in 90-10 Gly-EG at temperatures ranging 
from –20°C to 80 °C. 
 
Figure 3.12. Model fits to SANS data shown in the paper. Plots of scattered intensity I 
vs. wave-vector q are shown for sample A (EHAC-NaSal 60-30 mM) and sample B 
(EHAC-NaSal 60-60 mM) at two different temperatures: 25 and 65°C. In each case, the 
data (open circles) are fit to a model, and the model fits are shown as continuous lines. 
The model is discussed in the previous section. Parameters corresponding to the fits are 
shown in the table 3.2.  
 
Figure 3.13. IFT analysis of SANS data on samples in glycerol. The data for the 
sample of EHAC-NaSal (60-30 mM) in glycerol at 25°C and 65°C are analyzed by IFT to 
obtain the corresponding pair distance distribution functions p(r). (a) At 25°C, the p(r) 
plot is asymmetrical and indicative of elongated micelles (WLMs). The point where p(r) 
hits the x-axis (~ 150 Å), indicated by the arrow, is an estimate for the micellar length. 
(b) At 65°C, on the other hand, p(r) is symmetrical, which is indicative of spherical 
micelles. The point where p(r) hits the x-axis (~ 70 Å), indicated by the arrow, is an 
estimate for the micellar diameter.   
 
Figure 3.14. Experiment demonstrating the utility of viscoelastic WLMs in Gly-EG 
mixtures. A Gly-EG (90:10 v/v) mixture has a freezing point below –20°C. It can be 
rendered viscoelastic (due to the formation of WLMs) by adding EHAC-NaSal (60-60 
mM). The bare solvent mixture and its viscoelastic counterpart are compared in a simple 
visual test. For this, inclined aluminum surfaces were created using glass slides covered 
with aluminum foil. Red iron oxide pigment (0.1 wt%) was added to the solutions for 
better visualization. Approximately 1 g of the respective samples were applied onto the 
surfaces using a paint brush (left top) at time t = 0, and the surfaces were then placed in 
the freezer (T ~ ‒20°C) for 15 hours. Due to the low freezing point of the solvent, neither 
sample froze into a solid. Results are shown in (a) for the Gly-EG solvent mixture and in 
(b) for the viscoelastic sample of WLMs in Gly-EG. In (a), the liquid initially coats the 
surface (top), but it quickly flows down the surface and collects in a pool below (bottom). 
The surface is thereby left exposed. Only 28% of the liquid mass was measured to remain 
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on the surface. In (b), the viscoelastic sample coats the surface as a thin film (top), and 
this film persists even after 15 hours (bottom). 98% of the sample mass was found to 
remain on the surface.    
 
Figure 4.1. Comparing the dynamic rheology of WLMs in water and glycerol. In all 
cases, the elastic modulus G′ and the viscous modulus G″ are plotted vs. frequency ω. (a) 
Typical WLMs in water (60 mM CPyCl + 60 mM NaSal) show the rheology of  a single-
tR Maxwell fluid (lines are fits to this model). The data are from rheometry. (b) Data for 
WLMs of 60 mM CTAB + 100 mM NaClO3 in water are shown over a wide range of ω 
by combining measurements from rheometry, oscillatory squeeze flow (OSF) and 
diffusive wave spectroscopy (DWS). In this case, G′ and G″ cross twice, indicating three 
distinct regimes in the data. (c) Typical WLMs in glycerol (60 mM EHAC + 60 mM 
NaSal) show the same three regimes as in (b), but over a much narrower range of ω. The 
data are from rheometry. Lines are fits to a 4-mode Maxwell model.    
 
Figure 4.2. Dynamic rheology of WLMs in glycerol at various temperatures. In all 
cases, the elastic modulus G′ and the viscous modulus G″ are plotted vs. frequency ω for 
a sample of 60 mM EHAC + 60 mM NaSal.  (a) Data over a temperature range from 25 
to 40°C in increments of 1°C. The moduli at specific temperatures are shown to indicate 
specific patterns in the data: (b) 15°C; (c) 31°C; and (d) 40°C.  
 
Figure 4.3. Parameters extracted from the temperature-dependent rheology of 
WLMs in glycerol. The parameters are from Figure 4.2, which shows data at various 
temperatures for a sample of 60 mM EHAC + 60 mM NaSal in glycerol.  (a) Crossover 
frequencies ωc1, ωc2, and ωc3 as a function of temperature. (b) Ratio of ωc1/ωc2 as a 
function of temperature.    
 
Figure 4.4. Cole-Cole plots for WLMs in water and glycerol. A Cole-Cole plot is one 
of G″ vs. G′, with both axes on a linear scale. (a) Comparison via Cole-Cole plots at 25°C 
of WLMs in water (data from Figure 4.1a) and WLMs in glycerol (data from Figure 
4.1c). The aqueous sample is a Maxwell fluid, which corresponds to a semicircle on the 
Cole-Cole plot. The glycerol sample deviates from the semicircular arc and extends as a 
straight line. (b) Cole-Cole plots for WLMs in glycerol at various temperatures (data 
from Figure 4.2a). The plots fan out in a series of straight lines at high moduli. The inset 
shows the initial portion of the graph, where the order of semicircular arcs is reversed.   
 
Figure 4.5. Dynamic rheology of WLMs in glycerol at various salt concentrations. In 
all cases, the elastic modulus G′ and the viscous modulus G″ are plotted vs. frequency ω. 
All experiments were done at 25°C. The samples contain 60 mM EHAC and varying 
concentrations of salt (NaSal): (a) 30 mM; (b) 42 mM; (c) 60 mM; (d) 78 mM. 
 
Figure 5.1. Lecithin self-assembly in water. Lecithin or L-α-phosphatidylcholine 
consists of two unsaturated non-polar tails (red) and a polar headgroup (blue). In water, 




Figure 5.2. Lecithin self-assembly in water-solvent mixtures. (a) Sample images for 
lecithin vesicles (2 wt%) in water-glycerol mixtures are shown here. From left to right, 
the water-glycerol content changes from 50/50 to 0/100. Samples from 50/50 to 30/70 
appear bluish and do not show flow birefringence, whereas samples from 20/80 to 0/100 
appear clear and exhibit flow birefringence. (b) The optical density and diameter of the 
lecithin samples are shown here for increasing glycerol content.  
 
Figure 5.3. Steady-shear rheology for lecithin in glycerol solutions. (a) The steady-
shear rheology (plots of the relative viscosity η/ηsolvent as a function of shear-rate) for 
lecithin concentrations 2, 4, 8 and 15 wt% in glycerol are shown. The 2 wt% lecithin 
sample shows Newtonian behavior, whereas 4, 8 and 15wt% lecithin samples are shear 
thinning. (b) The left image shows the vial inversion test for 15 wt% lecithin in glycerol, 
indicating that the sample can hold its weight and is gel-like. The right image is taken 
under cross polarizers and shows that the sample is birefringent at rest (bright streaks of 
light are visible). The dynamic rheology of (c) 4 wt%, (d) 8 wt% and (e) 15 wt% lecithin 
samples are shown. The 4 wt% and 8 wt% lecithin samples show viscous response, and 
15 wt% lecithin sample is gel-like. In all cases, the elastic modulus G′ and the viscous 
modulus G″ are plotted vs. frequency ω. 
 
Figure 5.4. Birefringence of lecithin samples in ethylene glycol (EG) and formamide. 
All sample images are taken under cross polarizers. The samples of lecithin in (a) EG and 
(b) formamide containing 4, 8 and 12 wt% lecithin are shown. All samples are highly 
birefringent at rest, except for 4 wt% in formamide, which is flow birefringent. The 8 
wt% lecithin in EG separates into two phases forming a lipid-rich phase (birefringent).  
 
Figure 5.5. Dynamic rheology of lecithin in formamide. In all cases, the elastic 
modulus G′ and the viscous modulus G″ are plotted vs. frequency ω. The samples contain 
lecithin in formamide at concentrations of (a) 4 wt%, (b) 8 wt% and (c) 15 wt%. The 4 
wt% sample shows viscoelastic response, whereas 8 and 12 wt% samples show gel-like 
response.  
 
Figure 5.6. Temperature progression for a lecithin in glycerol sample. In all cases, 
the elastic modulus G′ and the viscous modulus G″ are plotted vs. frequency ω. The 15 
wt% lecithin in glycerol sample is studied at different temperatures (a) 25 °C, (b) 45°C 
and 65 °C. The sample remains gel-like at all temperatures. Inset: Vial photo of 15 wt% 
lecithin in glycerol at 65 °C. 
 
Figure 5.7. Cryo-SEM images of lecithin samples in glycerol. The electron 
micrographs for (a) 2 wt% and (b) 8 wt% lecithin in glycerol are shown. Both images 
show spherical structures ranging from 50 nm to 600 nm. The spheres are widely 
separated for 2 wt% sample but are very densely packed for the 8 wt% sample. 
 
Figure 5.8. SANS and SAXS for lecithin in glycerol. Each plot shows the scattered 
intensity I vs. wave vector q. (a) SANS data for of 3.2 wt% lecithin in deuterated (d-8) 
glycerol. (b) SAXS data for 15 wt% lecithin in glycerol. Slope values at different q-




Figure 5.9. Schematic of vesicle self-assembly in polar solvents. Vesicle solutions, 
obtained at low lecithin concentrations (~ 2wt%), are represented by widely separated 
multilamellar or “onion” vesicles in the left image. The multilamellar structures are 
represented as concentric vesicles. The vesicle gels are comprised of densely packed 
multilamellar vesicles which are obtained at high lecithin concentrations (> 10wt%).  
 
Figure 6.1 Phase behavior of WLMs in water-EG mixtures. WLMs were studied for 
increasing NaSal/EHAC molar ratio at different concentrations of water-EG mixtures 
ranging from 60/40 to 100/0 water-EG. The EHAC concentration is 60 mM. The blue and 
red data indicate the single phase (isotropic) and 2-phases (coacervate) of WLMs 





Introduction and Overview 
 
1.1 Problem Description and Motivation 
Self-assembly is a thermodynamically driven process where individual molecules 
spontaneously aggregate to form assemblies at the nanoscale. The self-assembly of 
surfactants has been extensively studied in water for more than a century. Surfactants are 
amphiphilic molecules with polar (hydrophilic) heads and non-polar (hydrophobic) tails. 
Various structures can be formed by the self-assembly of surfactants in water, including 
spherical micelles (diameters ~5 nm), cylindrical micelles (diameters ~5 nm and variable 
length), and vesicles (hollow spherical shells with diameters ~ 100 nm and shell thickness 
~5 nm).1-3 In the case of cylindrical micelles, it is possible in some cases for the cylinders 
to become very long and flexible (end-to-end lengths > 1 µm) – in that case, they are 
called wormlike micelles (WLMs)4-6. In all these structures, the hydrophilic heads of the 
surfactants remain in contact with water whereas the hydrophobic tails are shielded from 
water. The driving force for self-assembly in water is the hydrophobic effect, which 
results in attractive interactions between molecules having hydrophobic segments.1,3,7        
 
To-date, water is the most common solvent in which self-assembly has been 
studied. In addition to water, self-assembly can also occur in highly non-polar solvents 
such as alkanes (oils).8 In such solvents, it is possible to form spherical, cylindrical and 
wormlike micelles with a ‘reverse’ structure, i.e., the hydrophilic heads of the surfactants 




with the solvent. 3,8 However, not all solvents are capable of supporting self-assembly. 
Figure 1.1 shows a (schematic) scale of properties that can be used to characterize the 
cohesive tendency or polarity of a solvent (specific properties may include the cohesive 
energy density, solubility parameter, surface tension, or dielectric constant). On such a 
scale, water falls on the blue end while alkanes fall on the red end. In both these 
extremes, self-assembly readily occurs. Conversely, in solvents of intermediate polarity 
such as formamide, glycerol, and ethylene glycol, self-assembly occurs to a lesser extent. 
Previous studies have reported the formation of small spherical micelles in some of these 
solvents or their mixtures with water.9-17 However, there are no reports of large structures 
such as wormlike micelles and vesicles (with at least one length scale > 100 nm) being 





Figure 1.1. Overview of this study. A scale of solvent properties such as their cohesive 
energy density or polarity is shown schematically. Self-assembly of surfactants into large 
aggregates such as wormlike micelles (WLMs) and vesicles occurs in solvents at both 
extremes of this scale: i.e., in water (highly polar) and in oils (highly nonpolar). 
However, in pure solvents with lower polarity than water, there are no reports of such 






1.2 Our Approach 
In this dissertation, we report new routes for forming large aggregates (such as 
wormlike micelles and vesicles) by self-assembly in polar solvents including glycerol, 
ethylene glycol and formamide. The new routes described here utilize well-known 
amphiphilic molecules, but they have not been studied before in conjunction with polar 
solvents. Our studies enable us to identify the ‘design rules’ that underlie self-assembly in 
non-aqueous systems. We also show that the resulting fluids exhibit interesting and 
unusual properties, especially with regard to their rheology.  
 
1.2.1 Wormlike Micelles in Polar Organic Solvents 
In Chapter 3, we show, for the first time, that it is indeed possible to form 
wormlike micelles (WLMs) in polar solvents like glycerol, ethylene glycol and 
formamide. For this, we combine a long (C22)-tailed cationic surfactant with a ‘binding’ 
salt, i.e., one with a large organic counterion that is capable of binding to the micelles.18,19 
Examples of such salts include sodium salicylate and sodium tosylate, and we find self-
assembly to be maximized when the surfactant and salt concentrations are near-
equimolar. The formation of WLMs coincides with a drastic increase in solution 
viscosity. One feature of polar solvents is that their mixtures can exhibit low freezing 
points. In a low-freezing mixture of glycerol and ethylene glycol, we show that the above 
cationic WLMs can persist down to sub-zero temperatures (as low as –20°C). 
Rheological techniques as well as small-angle neutron scattering (SANS) are used to 





1.2.2 Rheology of Wormlike Micelles in Polar Solvents 
In Chapter 4, we focus on the unique rheology of WLMs in polar solvents such as 
glycerol. WLMs are long, polymer-like chains that become entangled into a transient 
network. Thereby, samples containing WLMs exhibit viscoelastic behavior, which can be 
characterized by dynamic rheology (oscillatory shear). The dynamic rheology of WLMs 
in water follows a distinctive profile: plots of the elastic modulus G′ and viscous modulus 
G″ as functions of frequency ω can be fit to a ‘Maxwell model’ with a single relaxation 
time tR (correspondingly, G′ and G″  intersect at a frequency ωc = 1/tR).6,20 In contrast, we 
find that WLMs in glycerol exhibit an unusual and very different profile: their moduli G′ 
and G″ intersect twice (at ωc1 and ωc2) and the plots cannot be fit by the above Maxwell 
model. We discuss why these rheological differences arise – our hypothesis is that the 
WLMs in glycerol are less entangled (due to being shorter in length) and less dynamic 
than WLMs in water.   
  
1.2.3 Vesicles in Polar Organic Solvents 
In Chapter 5, we turn our focus to vesicles. We report the formation of close-
packed multilamellar vesicles in a variety of polar solvents including glycerol, formamide 
and ethylene glycol. The amphiphilic molecule used to create these vesicles is the simple 
phospholipid, lecithin or soy-phosphatidylcholine. Lecithin is insoluble in water, but in 
the presence of high shear, vesicles of lecithin can be induced. In polar solvents, we find 
that lecithin dissolves quite readily at concentrations between 2 and 15 wt%. At the 




rheology reveals an elastic response, characteristic of a gel. The fluids are also 
birefringent at rest, which suggests an anisotropic (liquid-crystalline) phase. Images from 
cryo-scanning electron microscopy (cryo-SEM) indicate that the gel-phase is formed by 
the close-packing of vesicles with diameters around 100 to 200 nm. This structure is 
consistent with the rheology. To our knowledge, this is the first report of such a “vesicle-
gel” phase in polar solvents.     
 
1.3 Significance of This Work 
The significance of this work from a scientific viewpoint is that it extends and 
enlarges the scope of self-assembly. For the first time, we show that WLMs and ‘vesicle 
gels’ can be formed by self-assembly in polar solvents. Both these microstructures are 
associated with rheological enhancement (thickening and viscoelastic behavior) of the 
parent solvent. In working with polar solvent mixtures, we have also been able to extend 
the range of conditions over which WLMs can exist to encompass sub-zero temperatures. 
Thereby, we have shown a new way to easily form viscoelastic fluids that remain so at 
low temperatures. We have also elucidated some of the ‘design rules’ or guidelines for 
inducing self-assembly of amphiphiles in polar solvents. This knowledge could lead to 
new fundamental interest in non-aqueous systems as media for self-assembly.  
 
There are also potential applications for some of the new fluids we have created in 
this study. Specifically, viscoelastic or gel-like fluids in solvents like glycerol (or 
mixtures of glycerol and other solvents) could be useful as lubricants for use at low 




onto aircraft wings as de-icing fluids, i.e., they prevent the formation of ice when 
conditions are very cold.23 These de-icing fluids are generally viscous, but not 
viscoelastic, and therefore do not stick significantly to aircraft wings. By imparting 
viscoelasticity to the fluids (via the formation of WLMs), we could significantly improve 
the retention of the fluid on a coated surface, as shown in Chapter 3. This is an example 
of a practical application that could be enabled by the new fluids described in this study. 










2.1 Self-Assembly of Amphiphiles in Water 
 
Figure 2.1.  Schematics showing how the geometry of amphiphiles dictates the 
structures formed by self-assembly in water. The hydrophilic heads of the amphiphiles 
are shown in blue and the hydrophobic tails in red. 
 
Amphiphilic molecules (surfactants or detergents) possess both a polar, 
hydrophilic moiety (head) and a non-polar, hydrophobic moiety (tail), as shown in Figure 
2.1. When added to water, surfactants spontaneously aggregate to form structures of 




(bilayers or vesicles), which are all depicted in Figure 2.1. This spontaneous aggregation, 
which is called ‘self-assembly’ is a process driven by thermodynamics, i.e., it involves a 
minimization of the Gibbs free energy of the system. The main attractive interactions 
between surfactants in water are the hydrophobic interactions, i.e., the gain in entropy of 
water molecules when the hydrophobic tails of surfactants are removed from water and 
buried in the core of a structure such as micelle. In turn, the hydrophilic heads of the 
surfactants in a micelle face outward and remain in contact with the water molecules.  
 
The type (shape) of self-assembled structure formed by a surfactant depends on its 
molecular geometry. This correlation is described via the critical packing parameter 





=  (2.1) 
where atail is the average cross-sectional area of the hydrophobic tail and ahg is the 
effective cross-sectional area of the hydrophilic headgroup. The larger the CPP, the more 
curved the aggregate, as depicted in Figure 2.1. In particular, if the CPP ~ ⅓ (i.e., if the 
surfactant is shaped like a cone), spherical micelles will be formed, whereas if the CPP is 
between ⅓ and ½ (i.e., if the surfactant resembles a truncated cone), cylindrical micelles 
are expected to be formed. Finally, if the CPP ~ 1, which implies that the surfactant 
molecule has nearly equal areas of tail and headgroup (atail ≈ ahg, shape like a cylinder), 
then flat bilayer structures are likely to be generated.   
 
A few points are worth noting about the above structures. First, as a surfactant is 




diameter), and these will arise when a threshold concentration called the critical micelle 
concentration (CMC) is crossed. With further addition of surfactant above the CMC, 
spherical micelles can sometimes transform into cylindrical micelles, which will have the 
same diameter (~ 5 nm) and variable length. Also, if the surfactant has a charged 
headgroup, the addition of salt will reduce the area of the headgroup ahg and thereby 
induce a transition from spherical to cylindrical micelles. A CPP ~ 1 arises when the 
surfactant has two hydrophobic tails, and such surfactants are called lipids. Cell 
membranes in our body are composed of such lipids, and the most common class of lipids 
are the phospholipids, which have a phosphate moiety in their headgroups. When lipids 
are present at low concentrations (around 1-5 wt%), their bilayers tend to curl and close 
their ends, resulting in vesicles, i.e., hollow spheres (~ 100 nm diameter) filled with water 
and enclosed by a bilayer shell of thickness ~ 5 nm.  
 
 
Figure 2.2. Schematic indicating the Krafft temperature (TK) of a surfactant. The TK 
corresponds to the intersection of the solubility curve and the curve of the CMC as a 
function of temperature. Below TK, no self-assembly occurs because the surfactant 





With regard to the effect of temperature on self-assembly, the CMC is itself a 
weak function of temperature, which means that the tendency to form micelles is still 
very strong at high temperatures. However, long cylindrical micelles (see Section 2.3) 
will tend to shorten upon heating. An additional key parameter is the Krafft temperature 
(TK), which is the minimum temperature above which self-assembly can occur. As shown 
by Figure 2.2, TK corresponds to the intersection of the solubility curve and the curve of 
the CMC as a function of temperature. Below TK, the surfactant is insoluble in water, i.e., 
it exists in the form of crystals. For typical surfactants with a C16 tail like cetyl 
trimethylammonium bromide (CTAB), TK is about 25°C, which means that micelles of 
CTAB can be studied only above this temperature.24 One way to lower TK is by having 
irregularities in the surfactant tail. For example, a cis-unsaturation in the hydrocarbon tail 
will mean a ‘kink’ in the geometry of the tail. Such kinked tails will not be able to pack 
close to each other in a crystal, and therefore the TK will be much lower. An example is a 
surfactant such as erucyl bis(2-hydroxyethyl)methyl ammonium chloride (EHAC), which 
has an erucyl tail, i.e., a C22 tail with a cis-unsaturation in the middle. EHAC has a TK 
well below 0°C. We will use EHAC in Chapters 3 and 4.    
 
2.2 Self-Assembly of Amphiphiles in Polar Solvents 
Self-assembly has been studied in a variety of solvents in addition to water. A 
general rule-of-thumb from the literature is that self-assembly can occur only in solvents 
that are either highly polar or highly non-polar. In highly non-polar ‘oils’ such as alkanes 




spherical or cylindrical.8,25,26 The term ‘reverse’ in the case of a micelle means that the 
hydrophilic heads of the surfactant are buried in the micellar interior and thus shielded 
from the oil phase, whereas the hydrophobic tails are extended into the oil. Conversely, 
self-assembly in polar liquids is similar to that in water and results in ‘normal’ micelles, 
much like those in Figure 2.1. Common surfactants such as CTAB can form spherical or 
short cylindrical micelles in polar liquids such as glycerol, formamide, ethylene glycol, 
propylene glycol, diethanolamine, 1-amino-2-propanol and diethylene triamine. 9-12,16,27 
 
The driving force for micelle formation in polar liquids is the ‘solvophobic effect’ 
in analogy with the hydrophobic effect in water.10,12,28-30 That is, the surfactant tails 
dislike the solvent and therefore prefer to be buried in the core of micelles. However, 
because of the unique nature of water, i.e., its tendency to form strong hydrogen-bonds, 
the hydrophobic effect is much stronger than the solvophobic effect in any other polar 
solvent.10,12,28-30 As a result, the driving force for micellization is lower in polar solvents 
than in water. For instance, the CMC of surfactants is much higher in polar solvents as 
compared to water, i.e., a much higher surfactant concentration is needed to form 
micelles.10,29 Moreover, when micelles do form, they tend to be quite small, and there are 
no examples thus far of large aggregates such as wormlike micelles and vesicles in these 
solvents.  
 
How polar must a liquid be to support self-assembly? This has been a key 
question for researchers. A related question is how to characterize the polarity of a 




surface tension γ. The current consensus is that the the parameter that best characterizes 
the polarity of a liquid is its cohesive energy density (CED).10 The CED is the energy 
required to completely separate molecules from their neighbors to infinite separation 
(ideal gas state). For a given solvent, the CED can be calculated from its heat of 
vaporization ∆Hvap and its molar volume molsV . Another measure of the CED that is used 
to quantify the solvophobic effect in self-assembly is the Gordon parameter G, which is 






=  (2.2) 
Values of G for some solvents are provided in Table 3.1 in Chapter 3. Water has the 
highest G of 2.74 Jmol1/3m-3.10 Glycerol, formamide and ethylene glycol – three other 
solvents that promote self-assembly – all have G values above 1.3 Jmol1/3m-3. The above 
value may be considered a cutoff above which a solvent would promote self-assembly.  
 
2.3 Wormlike Micelles 
 As discussed in Section 2.1, surfactants self-assemble into cylindrical micelles if 
the CPP is between ⅓ and ½.1,4 Under certain conditions, these cylindrical micelles can 
grow to form very long, flexible chains, and they are then known as wormlike or 
threadlike micelles (Figure 2.3). Typically, wormlike micelles (WLMs) have a diameter 
similar to spherical micelles (~ 5 nm) while their end-to-end length (referred to as the 
contour length) can range from ~ 100 nm to a few microns (i.e. > 1000 nm).2,31,32 Similar 
to a solution of flexible polymers, WLMs tend to become entangled in solution. Such 




the solution becomes highly viscous and displays viscoelastic properties.4,32-34 The term 
viscoelastic implies that the solution exhibits both viscous (or liquid-like) and elastic (or 
solid-like) characters. In water, WLMs are expected to be in dynamic equilibrium and 
constantly exchange surfactant “unimers” between the micelles. Thereby, individual 
WLMs can break into pieces while other pieces recombine to form different WLMs. This 
process of breaking and recombination differentiates WLMs from chains of polymers, 
which never break because monomers are connected by covalent bonds. WLMs are 
therefore termed as ‘living’ or ‘equilibrium’ polymers.2,6,32,34,35 
   
 
Figure 2.3. Schematic of wormlike micelles (WLMs). The structure of an individual 
WLM as well as the entanglement of micellar chains into a transient network are both 
shown. 
 
 Another characteristic property of WLMs is flow-birefringence i.e., when a vial 
containing a WLM solution is shaken and observed under crossed-polarizers, bright 
streaks of light are observed.32,35 Birefringence (also known as double refraction) is an 




perpendicular directions. It is a characteristic property of optically anisotropic materials 
such as liquid crystals. In the case of WLMs, flow or shear causes the chains to align 
along the direction of shear, thus making the sample temporarily anisotropic. It is also 
important to note that WLMs are not birefringent when the solution is at rest because the 
chains are randomly oriented.  
  
WLMs can be formed by cationic, anionic, or nonionic surfactants in water. In 
particular, WLMs of cationic surfactants like CTAB and EHAC have been extensively 
studied.18,31,36-40 When these surfactants are added to water, the electrostatic repulsions 
between the headgroups will lead to a large area per headgroup ahg and therefore the 
result will be spherical micelles. To form WLMs, salt must be added to the solution, 
which will reduce ahg and thereby alter the CPP from ½ to ⅓. In this context, two kinds of 
salts can be distinguished: ‘simple’ salts and ‘binding’ salts. Simple salts are those like 
sodium chloride (NaCl) are added at a concentration around 100 mM or higher, the ions 
from the salt screen the electrostatic repulsions between the headgroups, leading to a 
lower ahg. Conversely, ‘binding’ salts are those like sodium salicylate (NaSal), where the 
counterion (Sal−) is aromatic and thereby hydrophobic. Thus, Sal− counterions embed 
their aromatic part in the core of the micelle while the anionic portion binds to the 
cationic headgroup of the surfactant.38,41 The net result is a reduction in the overall charge 
of the micelle due to the binding of the counterions. Binding salts can thus induce WLMs 
at lower concentrations compared to simple salts, and their effectiveness is often 
maximized at a concentration that is equimolar to the surfactant. Finally, we reiterate that, 




polar solvents like glycerol and formamide. The latter will be the focus of this 
dissertation.     
 
2.4 Characterization Technique – I: Rheology 
Rheology is the study of deformation and flow in materials.42,43 Rheological 
measurements help to correlate the microstructure in fluids to the flow properties.35 
Measurements can be performed under steady or dynamic shear. In the case of steady 
shear, the sample is subjected to a constant shear-rate γ  and the response is measured as 
a shear-stress σ.  The (apparent) viscosity /η σ γ=   and a plot of η vs. γ is called the 
flow curve of the material. Pure solvents including water and glycerol are Newtonian 
fluids, indicated by a constant viscosity independent of the shear-rate. Several fluids, 
including WLMs show a ‘Newtonian plateau’ in their flow curve at low shear-rates. In 
this regime, the viscosity is independent of shear-rate and is called the zero-shear 
viscosity η0. At shear-rates beyond the Newtonian plateau, the viscosity of WLMs will 
decrease with increasing shear rate, which is called a ‘shear-thinning’ response. 43 
 
 Rheological experiments can also be conducted in dynamic or oscillatory shear, 
where the sample is subjected to a strain 0 sin( )tγ γ ω= . Here γ0 is the strain-amplitude 
and ω the frequency of the oscillations. The sample response will be in the form of a 
sinusoidal stress 0 sin( )tσ σ ω δ= + , which is shifted by a phase angle δ relative to the 
strain. The stress can be decomposed into two components, the first being in-phase with 
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where G′ is the Elastic or Storage Modulus and G″ is the Viscous or Loss Modulus. 
The dynamic experiment ultimately yields plots of G′ and G″ as functions of ω (usually 
plotted on a log-log scale), which are collectively called the frequency spectrum of the 
material. Such a plot is useful because it shows how the viscoelasticity of the material 
varies with timescale, which in turn is a signature of the microstructure.35  
 
 The physical interpretation of G′ and G″ are as follows. The elastic modulus G′ 
reflects the elastic nature of the material and is also called the storage modulus since 
elastic behavior implies the storage of deformational energy. The viscous modulus G″ 
characterizes the viscous nature of the material and is also known as the loss modulus 
since viscous deformation results in the dissipation of energy. G′ and G″ are meaningful 
only if the dynamic rheological measurements are taken in the “linear viscoelastic” or 
LVE regime. The LVE regime corresponds to low imposed strains, such that the stress 
response is linearly proportional to the strain.43 In that case, G′ and G″ will be 
independent of strain amplitude and will be functions only of the frequency ω – the 
moduli will then be true material properties.  
 
 An important advantage of dynamic rheology is that the material is characterized 
with its microstructure intact. Since only small-amplitude strains (within the LVE 
regime) are used, the net deformation imposed on the sample is minimal. Thus, G′ and G″ 
correlate with the microstructure present at rest. In contrast, steady-shear rheology 




large deformations. Therefore, dynamic rheological parameters can be correlated with 
static microstructures and steady-shear rheological measurements correspond to flow-
induced changes in the microstructure. 
 
2.5 Characterization Technique – II: SANS 
 Scattering techniques are very useful for probing structure at the nanoscale.44 The 
basic principle behind these techniques is that the intensity of scattered radiation from a 
structured fluid is a function of the size, shape, and interactions of the “particles” present. 
We will use small-angle neutron scattering (SANS) to study our samples as it is useful in 
probing structure over size scales ~ few nm. In SANS, the contrast between the solvent 
and the “particles” is achieved by differences in their scattering length densities (SLDs). 
This is achieved by switching the hydrogen in the solvent molecules with deuterium, for 
example using D2O instead of H2O. We perform SANS experiments at one of the premier 
facilities in the USA, which is located nearby at the National Institute of Standards and 
Technology (NIST) in Gaithersburg, MD. 
 
 





The basic geometry of a SANS experiment is illustrated in Figure 2.4. A nuclear 
reactor emits neutrons, which then pass through a velocity selector set for a particular 
wavelength and wavelength spread. These neutrons then pass through several collimating 
lenses and into the sample placed in the sample chamber. Finally, a 2-D detector collects 
the neutrons scattered by the sample. Using calibration standards, the collected 2-D data 
is corrected and placed on an absolute scale. This data is then spherically averaged to 
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 (2.4) 
Here, λ  is the wavelength of the incident radiation and θ  is the scattering angle. q can 
be considered an inverse length scale, with high q corresponding to small structures, and 
low q to large structures in the sample. 
 
  For a structured fluid containing np particles per unit volume, the intensity I(q) 
can be expressed as follows:44  
 p( ) ( ) ( )I q n P q S q= ⋅ ⋅  (2.5) 
where P(q) is referred to as the form factor and S(q) as the structure factor. S(q) is the 
scattering that arises from interparticle interactions and thus reflects the spatial 
arrangement of the particles. P(q) is the scattering that arises from intraparticle 
interferences, and thus is a function of the particle size and shape. When the particles are 
in dilute solution (i.e., np is small), the interparticle interactions become negligible and 
therefore the structure factor S(q) → 1. The SANS intensity I(q) can then be modeled 




known, which can be fit to the data to extract structural information about the particles. 
However, one has to make an a priori assumptions about the type of particles present to 
select a particular form factor. Thus, a good fit to the data does not necessarily mean the 
model is correct, i.e., many models may fit the same data, especially if they have a large 
number of adjustable parameters.  
       
The shortcomings with the “straight modeling” approach have led to the 
development of an alternate method of analysis that requires no a priori knowledge about 
the scatterers. This is the Indirect Fourier Transform (IFT) method, and here a Fourier 
transformation is done on the scattering intensity I(q) to give the pair distance distribution 
function p(r) in real space. I(q) and p(r) are related by the following equation: 7,44,45  
 I q p r
qr
qr
dr( ) ( ) sin( )=
∞
∫4 0π  (2.6) 
The p(r) function provides structural information about the scatterers in the sample. In 
particular, the largest dimension of the scattering entities can be estimated. The simplest 
form of the IFT technique is valid only for non-interacting scatterers. Before 
implementing the IFT methodology, it is useful to first subtract the incoherent 
background from the scattering data. This background can be estimated from the 
asymptotic slope of a Porod plot (I(q)⋅q4 vs q4). In Chapter 3, we will use both the 






Wormlike Micelles in Polar Organic Solvents 
 
The results presented in this chapter have been published in the following journal article: 
N. R. Agrawal, X. Yue, Y. Feng and S. R. Raghavan, “Wormlike Micelles of a Cationic 
Surfactant in Polar Organic Solvents: Extending Surfactant Self-Assembly to New 
Systems and Sub-Zero Temperatures” Langmuir, 35, 12782−12791 (2019). 
 
3.1 Introduction 
Surfactants, i.e., amphiphilic molecules with a polar headgroup and a non-polar 
tail, can self-assemble into various nanoscale structures, the most common of which are 
micelles (Figure 3.1A).1-3 A particularly interesting class of micelles are the wormlike 
micelles (WLMs), also called threadlike micelles.4-6,31,34 WLMs are long, flexible 
cylindrical chains, with diameters around 5 nm and contour (end-to-end) lengths L 
ranging from 100 to 5000 nm. They are formed at relatively low surfactant concentrations 
(2 to 5 wt% or 20 to 100 mM). Much like chains of polymers, WLM chains become 
entangled in solution (Figure 3.1A), thereby imparting high viscosity and viscoelasticity 
to the solution. This ability to modulate the rheological properties has led to numerous 
applications for WLMs, including in oil recovery, home-care and personal care products, 
and as drag-reducing agents.4,46,47 Most studies on WLMs have been conducted in water, 
and aqueous WLMs have been formed using cationic,6,18,31,34,36,37,40,48 anionic,49 and 
zwitterionic50-52 surfactants. Reverse WLMs, with their tails facing outward to the 




been conducted on WLMs in mixtures of water and polar organic solvents (such as 
alcohols or diols).23,53-56 To our knowledge, however, there have been no reports of 




Figure 3.1. Overview of this study. (A) Surfactants (with their hydrophilic heads in blue 
and their hydrophobic tails in red) can self-assemble into micelles, which can be discrete 
spheres (5 nm in diameter), or wormlike chains (diameter of 5 nm and length L > 100 
nm). The latter, termed WLMs, are the main structures of interest here. Their formation 
results in the solution becoming viscoelastic. (B) Scale of solvent properties such as the 
cohesive energy density or polarity. WLMs have been formed in solvents at both 
extremes of this scale: i.e., in water (highly polar) and in oils (highly nonpolar). 
However, in solvents with lower polarity than water, there are no reports of WLMs thus 
far, and that is the focus of this work. (C) Structures of molecules used in this study. 
These include the cationic surfactants erucyl bis(hydroxyethyl) methyl ammonium 
chloride (EHAC) and cetyl pyridinium chloride (CPyCl), and the aromatic salts sodium 
salicylate (NaSal) and sodium tosylate (NaTos).     
 
 




With regard to solvent polarity, it can be quantified using parameters such as the 
dielectric constant or the Gordon parameter, as illustrated by Figure 3.1B. On one 
extreme of such a scale is water (highly polar), while on the other extreme are oils such 
as n-alkanes (highly non-polar). As the figure shows, in pure organic solvents with lower 
polarity than water, such as glycerol, formamide, and ethylene glycol, there have been no 
reports of WLMs thus far. Self-assembly has been shown to occur in some of these polar 
solvents,9-15,27,57 but it only results in small micelles with an aggregation number Nagg 
(i.e., the number of molecules associated into a micelle) less than about 100. The driving 
force for self-assembly in polar solvents is the ‘solvophobic effect’, analogous to the 
hydrophobic effect,28,29,58,59 and it too involves the non-polar portions of surfactants 
segregating into the core of the micelles while the polar portions remain in contact with 
the solvent. But the solvophobic effect is generally weaker than the hydrophobic effect, 
which is why large aggregates like WLMs (having Nagg > 1000) are usually not formed in 
polar solvents. In recent years, there has been renewed interest in studying self-assembly 
in non-aqueous media, including ionic liquids. One motivation to study polar solvents is 
that they can have freezing points (Tf) well below 0°C. Recently, WLMs of a zwitterionic 
surfactant in water-ethylene glycol mixtures were reported to exist at sub-zero 
temperatures.23,56 However, self-assembly into WLMs under such extremely cold 
conditions has not been achieved in pure non-aqueous solvents, to our knowledge. 
 
Here, we show that WLMs can indeed be formed in polar solvents like glycerol 
and formamide if the surfactant and salt are carefully selected. Our surfactant of choice is 




WLMs in solvents like glycerol, this surfactant has to be combined with a salt having an 
organic counterion like sodium salicylate (NaSal) (Figure 3.1C). In addition to pure non-
polar solvents, we have also studied solvent mixtures, and in particular, mixtures of 
glycerol and ethylene glycol that have freezing points far below 0°C. We have formed 
WLMs in these mixtures and find that the WLMs are preserved down to temperatures as 
low as –20°C. The rheology of these WLMs under both steady and dynamic shear over a 
range of low temperatures extending into the sub-zero range are reported. In addition, the 
technique of small-angle neutron scattering (SANS) is used to probe the nanostructure of 
the WLMs at these temperatures. Our studies provide insight into the design rules for 
self-assembly in polar solvents as opposed to water. Apart from fundamental insights, our 
findings may also have technological importance. The ability to form WLMs and thereby 
convert a solvent into a viscoelastic fluid could be useful in a variety of scenarios. One 
possibility is as lubricants that can be stable under extremely low temperatures. Another 
possibility is as anti-freeze liquids, which when sprayed onto airplane wings (or cars or 






3.2 Experimental Section 
Materials.  The following chemicals were obtained from Sigma-Aldrich: the surfactants 
cetyl pyridinium chloride (CPyCl), cetyl trimethylammonium bromide (CTAB) and cetyl 
trimethyl ammonium p-toluene sulfonate (CTAT); the salts sodium salicylate (NaSal), 
sodium tosylate (NaTos), sodium chloride (NaCl), potassium chloride (KCl); and the 
solvents glycerol (Gly), ethylene glycol (EG), formamide and propylene glycol (PG). The 
surfactant erucyl bis(hydroxyethyl)methyl ammonium chloride (EHAC) was obtained 
from Akzo Nobel. For SANS experiments, deuterated glycerol (d8) was purchased from 
Cambridge Isotope Laboratories, and deuterated ethylene glycol (d4) was purchased from 
Polymer Source, Inc. The molecular structures of key surfactants and salts used in this 
study are shown in Figure 1C.  
 
Sample Preparation. Stock solutions of the surfactants and salts were prepared by 
adding weighed amounts of each into the solvent of interest and heating to ~ 60°C on a 
hot plate under constant stirring for 4–5 h. After clear solutions were obtained, they were 
cooled and stored at room temperature. To prepare a sample with desired molar 
concentrations of surfactant and salt, the respective stock solutions were combined and 
diluted with the solvent. After vortex mixing, the sample was heated to 60°C for 10–15 
min and then cooled to room temperature. Samples were left at room temperature for at 
least a day before any measurements. 
 
Rheology. Rheological experiments were conducted on an AR2000 stress-controlled 




the steady-shear and oscillatory-shear experiments. The temperature was controlled by a 
Peltier assembly on the rheometer, which employed a circulating fluid that was fed from 
a chiller. A 50-50 mixture of ethanol-water (with a Tf < –30°C) was used as the 
circulating fluid. Rheological experiments were conducted at temperatures ranging from 
–5 to 65°C. Dynamic rheology experiments were conducted in the linear viscoelastic 
regime for each sample, which was determined from strain-sweep experiments. For 
rheological experiments at temperatures below 0°C, a crucial issue was the formation of 
ice on the cone-and-plate. To minimize ice formation, the plates were coated with the 
above EG-water mixture, then wiped dry. This allowed experiments to be conducted 
down to –5°C. 
 
Small-Angle Neutron Scattering (SANS). SANS experiments were performed at the 
National Institute of Standards and Technology (NIST), Gaithersburg, MD on the NG-B 
(30 m) beamline. Neutrons with a wavelength λ of 6 Å were selected and the range of 
wave-vector q accessed was from 0.004 to 0.4 Å–1. The sample holders were 1 mm 
titanium cells with quartz windows. The scattering data was reduced using IGOR-Pro 
software and were corrected to obtain an absolute scale of scattering intensity using NIST 
calibration standards. SANS fitting was done using the SasView software.  
 
SANS Modeling. SANS data were fit using the SasView software package provided by 
NIST. Data were modeled in two ways: in one case by the Indirect Fourier Transform 
(IFT) method (Secion 2.5), and in the other case by fitting a model to the data. In the 




sphere interactions. The cylinders are modeled as being polydisperse in their radius, but 
monodisperse in their length. The form factor P(q) for cylinders of radius r and length L 
is given by the following equations:45,60 
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where the scattering amplitude F is given by: 
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Here, ‘scale’ is the volume fraction of cylinders, Vcyl = πr2L is the volume of each 
cylinder, j0(x) = sin(x)/x, J1 is the first-order Bessel function, and α is the angle between 
the cylinder axis and the scattering vector q. ρcyl and ρsolv are the scattering length 
densities of the cylinder and the solvent. To account for polydispersity in the radius, P(q) 
was averaged over a Schulz distribution of the cylinder radius. The size-averaged P(q) is 
given by the following, where f(r) is the normalized Schulz distribution of the radius r 
and Vpoly is the volume of the polydisperse object. 





P q P q f r dr
V
= ∫  (3.3) 
Next, the structure factor S(q) accounts for interactions between the cylinders:  
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Here g(r) represents the pair correlation function and np is the number of particles 
(scatterers) per unit volume. From the models for S(q) available in SasView, the one used 
here assumes that the particles are ‘hard spheres’, i.e., that they have no interaction at 




3.3 Results and Discussion 
3.3.1 Formation of WLMs in Glycerol 
 We first describe the formation of WLMs in glycerol at 25°C. Glycerol is a polar 
solvent that has high cohesive energy density and strong hydrogen-bonding capability.1,13 
Therefore, glycerol can allow the self-assembly of micelles; however, previous reports of 
micelles in glycerol have been confined to small micelles with low aggregation 
numbers.13 We first attempted to form WLMs in glycerol using the same precursors used 
previously to form WLMs in water. The vast majority of the studies on aqueous WLMs 
have been done with cationic surfactants, especially those with a C16 tail like CPyCl and 
CTAB.6,31,34 To form WLMs, these surfactants are usually combined with either simple, 
inorganic salts (such as NaCl and KCl) or organic ‘binding’ salts (such as NaSal and 
NaTos). We studied if any of these surfactant/salt combinations could result in WLMs in 
glycerol. To initially assess the presence of WLMs, we resorted to visual inspection, 
looking for samples with high viscosities (as indicated by gradual flow out of a vial or the 
persistence of bubbles). However, none of the above combinations yielded WLMs. 
CTAB was found to be insoluble in glycerol at all concentrations, consistent with 
previous studies.29 CPyCl was soluble, but did not form WLMs with the salts tested (data 
on the viscosities of CPyCl/NaSal mixtures are presented later).   
 
Next, we tried EHAC, a cationic surfactant with a longer C22 tail (see Figure 3.1C 
for structure). Due to its longer tail, EHAC is a much stronger surfactant than CTAB or 
CPyCl; for example, the critical micelle concentration (CMC) of EHAC is about 50 times 




induced both by simple and binding salts.18,36,37,40,48 In glycerol, though, we find that 
EHAC forms WLMs only when mixed with binding salts like NaSal. Figure 3.2 shows 
visual observations and rheological data at 25°C for a sample containing 60 mM EHAC + 
60 mM NaSal. This sample is highly viscous (Figure 3.2a) and viscoelastic (Figure 3.2b). 
Visual observations show that the sample flows slowly out of a tilted or inverted vial and 
that bubbles are trapped in the sample after it is shaken (Figure 3.2c).  
 
 
Figure 3.2. Wormlike micelles (WLMs) of EHAC-NaSal in glycerol at 25°C. (a) 
Steady shear rheology (plots of the relative viscosity η/ηsolvent as a function of shear-rate) 
for 60 mM EHAC samples containing 30 or 60 mM NaSal. (b) Dynamic rheology (plots 
of the elastic modulus G′, viscous modulus G″, and complex viscosity η* as functions of 
frequency ω) for the 60 mM EHAC + 60 mM NaSal sample. This sample shows shear-
thinning in steady-shear and a viscoelastic response in dynamic rheology, indicating the 
presence of WLMs. (c) Visual observations further support this finding. The first photo 
shows that the sample is viscoelastic and is able to hold its weight in the inverted vial. 
The second photo, taken under crossed polarizers, shows that the sample is flow-
birefringent (streaks of light appear when the sample is shaken). 
 
 
The sample in Figure 3.2c also exhibits flow-birefringence, which is a 
phenomenon associated with WLMs.34 When a sample of WLMs is sheared (e.g., by 
shaking), the WLM chains align along the direction of shear, and as a result, the sample 




A simple way to see birefringence is by viewing the sample under crossed polarizer 
plates, whereupon streaks of light become visible in the sample when shaken (as can be 
noted in Figure 3.2c); these indicate aligned domains of WLMs. Note that there is no 
birefringence in the sample at rest because the WLM chains will not be aligned; rather 
they will be entangled into an isotropic network.34   
  
The rheology of the 60 mM EHAC + 60 mM NaSal sample in glycerol at 25°C is 
consistent with the presence of WLMs. The steady-shear rheological data (Figure 3.2a) 
are shown as plots of the relative viscosity, i.e., the ratio of sample viscosity with respect 
to the solvent viscosity (η/ηsolvent), as a function of shear-rate. The 60 mM NaSal sample 
shows a constant and high viscosity at low shear-rates (in the Newtonian plateau), with 
its zero-shear viscosity η0 being about 20 times that of the solvent. The high η0 indicates 
the presence of long, entangled WLMs.31,34 Above a critical shear-rate, η drops with 
increasing shear, indicating a shear-thinning response. Shear-thinning arises because the 
WLM chains tend to align with the flow.31 For comparison, data are also shown in Figure 
3.2a for a sample of 60 mM EHAC + 30 mM NaSal. This sample has the same viscosity 
as that of the solvent, i.e., there is no thickening, which implies that the micelles in it are 
not WLMs, but short cylinders. Long WLMs are only seen around an equimolar ratio of 
EHAC to NaSal, as will be further clarified by Figure 3.3.   
 
 The dynamic rheology of the 60 mM EHAC + 60 mM NaSal sample also reveals 
interesting features (Figure 3.2b). The elastic modulus G′ and the viscous modulus G″ are 




response, consistent with the presence of a WLM network.31,34 However, typical WLMs 
in water show a single intersection of G′ and G″ at a crossover frequency ωc.6,34 The 
relaxation time tR of the WLMs is then given by 1/ωc. Here, the glycerol-based WLMs 
show two intersection points of G′ and G″ over the frequency range. At low ω, a 
‘terminal’ region occurs, as expected, where G″ > G′, indicative of viscous behavior. 
Thereafter, at intermediate ω (1 to 10 rad/s), G′ overtakes G″, indicating a transition to an 
elastic response at short timescales. Usually, G′ will then become ω-independent and 
reach a plateau value, termed the plateau modulus Gp, which correlates with the mesh 
size of the entangled WLM network.6 Here, instead, G′ shows an upturn at ω > 10 rad/s 
and at these short timescales, we again find that G″ > G′, indicating viscous dissipation. 
To our knowledge, such a rheological response has never been reported before for 
WLMs!   
  
 We have also plotted the complex viscosity η* as a function of ω in Figure 3.2b. 






=  (3.5) 
While the complex viscosity η* is comparable to the viscosity η from steady-shear, we 
note that the η* curve in Figure 3.2b shows two plateaus, one at low ω and the other at 
high ω. In contrast η shows one plateau at low shear-rates and then a monotonic decrease 
at higher shear-rates. The presence of two plateaus in the η* vs. ω is again unusual for 
WLMs, and it also has never been reported previously.31,34 Why is the rheology different 




addressed in detail in Chapter 4. Briefly, we believe there are two reasons for the 
differences: first, the structure of the WLMs in the two solvents, and second, the 
differences between the solvents themselves (i.e., the fact that water has a low viscosity 
compared to glycerol). For the rest of this paper, we will focus on the physical chemistry 
of the WLMs in glycerol as a function of salt, surfactant, and temperature.   
 
3.3.2 Effects of Salt Concentration and Type 
 Figure 3.3 shows the relative zero-shear viscosity η0/ηsolvent of glycerol solutions 
with 60 mM EHAC and increasing concentrations (Csalt) of different salts. The η0 for each 
sample is obtained from the Newtonian plateau at low shear-rates in the steady-shear data 
(similar to the curves shown in Figure 3.2a). In the case of NaSal, there is no increase in 
viscosity until CNaSal = 36 mM (i.e., a molar ratio CNaSal:CEHAC = 0.6), indicating that 
there is no growth of WLMs up to this point. Thereafter, the viscosity increases with 
increasing CNaSal and reaches a peak at CNaSal = 48 mM (CNaSal:CEHAC = 0.8). The 
viscosity peak occurs close to the equimolar ratio of salt:surfactant, which suggests that 
there is molecular binding of the two species. Beyond the equimolar ratio, further 
addition of NaSal causes the viscosity to decrease and finally reach a plateau. Note that 
the peak value of η0 is 34 Pa.s, which is comparable to the η0 values exhibited by aqueous 
WLMs at similar surfactant and salt concentrations.31,34 However, since glycerol is a 
viscous solvent, the peak enhancement in glycerol viscosity due to the WLMs is only a 





                               
Figure 3.3. Effects of different salts on the formation of WLMs by EHAC in glycerol 
at 25°C. The plot shows the relative zero-shear viscosity (η0/ηsolvent) as functions of salt 
concentration for various salts, with the EHAC concentration fixed at 60 mM. WLM 
formation is reflected by a substantial increase in η0 and is observed only with NaSal and 
NaTos. 
  
 Similar results as those for NaSal are shown in Figure 3.3 for a second binding 
salt, sodium tosylate (NaTos) (structure in Figure 3.1B). Again, there is a sharp increase 
in viscosity of 60 mM EHAC solutions around CNaTos = 36 mM, indicating growth of 
WLMs. The peak in η0 is reached at CNaTos = 60 mM (CNaTos:CEHAC = 1) and the value of 
η0 at this peak is 13 Pa.s. With further increase in CNaTos, the viscosity drops to a plateau. 
Note that, between 90 and 480 mM NaTos, EHAC/NaTos samples in glycerol at 25°C 
separate into two co-existing liquid phases, which is why no data are shown for the 
viscosities over this concentration range. The two phases are a coacervate phase that 
contains most of the surfactant and a thin salt solution. Photos of selected samples are 
shown in Figure 3.4. Such ‘coacervation’ is unusual for surfactant solutions, but 




NaSal and NaTos, simple salts such as NaCl and KCl do not induce any appreciable 
change in solution viscosity, regardless of the salt concentration (Figure 3.3). We 
conclude that simple salts are incapable of inducing WLMs of cationic surfactants in 
glycerol (and the same is true in other polar solvents).  
 
 
Figure 3.4. Vial photos showing coacervation of EHAC/NaTos samples in glycerol. 
Samples of EHAC/NaTos in glycerol show a 2-phase region. Photos of selected samples 
are shown here. The samples contain 60 mM EHAC and varying NaTos (120, 150, 180, 
240 and 300 mM). All samples show two co-existing liquid phases, i.e., coacervation. 
The phase boundary between the surfactant-rich phase (bluish) and the salt-rich phase 
(colorless) is indicated in each sample by a line for clarity. 
 
 
 We have also evaluated a variety of surfactants for their ability to form WLMs in 
glycerol. As mentioned, CTAB has limited solubility in glycerol, and this is also the case 
for other alkyl trimethyl-ammonium bromides with C14 or C12 tails.13 Another widely 
used cationic surfactant in WLM studies is cetyl trimethylammonium tosylate (CTAT),61 
but this is also insoluble in glycerol. The one other cationic surfactant that was 
reasonably soluble in glycerol was CPyCl. Figure 3.5 shows the viscosities of 60 mM 
CPyCl solutions in glycerol as a function of NaSal. Negligible increases in viscosity are 
seen up to 600 mM NaSal, indicating a lack of WLMs. Thus, CPyCl/NaSal mixtures do 
not form WLMs in glycerol, although they do so in water. In contrast, EHAC/NaSal 




WLMs in glycerol suggests that its shorter tail (C16) is insufficient to induce extensive 
self-assembly in non-aqueous systems.  
 
                                  
Figure 3.5. Comparison of EHAC and CPyCl for their ability to form WLMs in 
glycerol at 25°C. The plot shows the relative zero-shear viscosity (η0/ηsolvent) as functions 
of NaSal concentration for the two surfactants, with the surfactant concentration held 
constant at 60 mM. WLM formation is reflected by a substantial increase in η0 and is 
observed only with EHAC. 
  
 
A summary of the results thus far is sketched in Figure 3.6. To form WLMs in 
glycerol, both a long-tailed surfactant like EHAC as well as a binding salt like NaSal or 
NaTos are required. All other combinations of surfactants and salts failed to produce 
WLMs. Why are there differences between simple and binding salts in glycerol? In 
water, both kinds of salts induce WLMs, but by different mechanisms. It is helpful to 
relate salt effects to the critical packing parameter CPP = atail/ahg where atail and ahg refer 
to the average cross-sectional areas of the tail and the headgroup, respectively.1,3 For a 




shape (Figure 3.6). This is because the headgroups, when ionized, will experience 
significant electrostatic repulsions with each other, and thus the effective ahg will be large 




Figure 3.6. Conditions for WLM formation in polar solvents like glycerol, and a 
mechanistic picture for the same. WLMs form only when EHAC is combined with 
binding salts like NaSal or NaTos. For all other cases (EHAC + simple salts; other 
surfactants + any salts), no WLMs are produced. In the absence of salt, EHAC has a 
critical packing parameter (CPP) of ~ 1/3 because of strong electrostatic repulsions 
between its headgroups (and thereby a large area per headgroup ahg). When a binding salt 
like NaSal is added, its counterions will bind to EHAC micelles. This will occur with the 
aromatic rings inserting into the hydrophobic core of the micelle. The anionic 
counterions, in turn, will neutralize the cationic headgroups and thus reduce ahg, which 
increases the CPP to ~ 1/2. This will induce the spherical micelles to transform into 
WLMs.     
 
  
When a salt like NaCl is added to the water, the ions will screen the electrostatic 
repulsions, reducing ahg and thereby increasing the CPP from 1/3 to 1/2. This change in 
CPP causes a transition from spherical to cylindrical micelles (and thereby, eventually, to 




screening the micellar charge.18,31 Binding salts like NaSal, on the other hand, have 
aromatic counterions that are significantly hydrophobic.31,62 These counterions will 
penetrate the palisade layer of the micelles and embed in the hydrophobic core (Figure 
5).62 At the same time, the anionic (e.g., carboxylate) moiety of the counterion will bind 
to the cationic headgroups. Due to this binding, the micellar charge will be appreciably 
reduced, and in turn, the repulsions will be lowered. Thus, once again, an increase in CPP 
from 1/3 to 1/2 will occur, causing a sphere-to-cylinder (WLM) transition.31,34 If all the 
counterions were to bind to the micelles, the net charge on the micelles would be lowest 
at an equimolar ratio of salt:surfactant.  
 
 Our results suggest that the binding of counterions like salicylate and tosylate to 
EHAC micelles occurs quite readily in a polar solvent like glycerol, which explains the 
growth of WLMs. This is illustrated in Figure 3.6. Presumably, the solvophobic effect 
with glycerol is sufficiently strong to allow the counterions to insert their aromatic ring 
into the micellar core. One indication of such binding is the fact that the viscosity 
maxima occur at or near the equimolar ratio of salt:surfactant. However, simple salts like 
NaCl seem ineffective at screening the electrostatic repulsions between EHAC 
headgroups in glycerol. The reason for this is not completely clear at the moment. It is 
possible that these salts do not completely dissociate into ions in glycerol due to its lower 
dielectric constant compared to that of water (see Table 3.1). Alternately, electrostatic 
screening by ions may not be as effective in glycerol compared to water. This aspect 





3.3.3 WLMs in Other Polar Solvents 
 Having identified the EHAC/NaSal system as one that results in WLMs in 
glycerol, we proceeded to study if WLMs could be formed by the same surfactant/salt 
combination in other polar solvents. For a polar solvent to allow self-assembly through 
the solvophobic effect, it must have a high cohesive energy density (CED), i.e., there 
must be strong interactions between the solvent molecules. Solvents with high CED tend 
to be highly polar (as quantified by their dielectric constant ε) and also have strong 
hydrogen-bonding ability.28,29,58,59 One way to quantify the CED is by the Gordon 
parameter G, which is given by eq 2.2 (see Section 2.2). Table 3.1 lists ε, γ, G and also 
the freezing point Tf for a few solvents in which self-assembly has been studied 
previously. Water has the highest values of G and γ and is thus the most favorable solvent 
for self-assembly. Glycerol, formamide and ethylene glycol (EG) are three other solvents 
with high G. Note that formamide also has the highest ε. Although glycerol has lower G 
and ε than formamide, it has high γ and strong hydrogen-bonding capability through its 
three hydroxyl groups. We have already demonstrated the formation of WLMs in 
glycerol. Thus, we proceeded to try the other solvents in this table.  
 






 One further aspect to consider at this stage is the effect of temperature on self-
assembly. Generally, self-assembly becomes stronger at lower temperatures,2,3 and 
WLMs are a case in point. The contour (end-to-end) length L of WLMs increases 
exponentially with decreasing absolute temperature T, as per the following equation:6,18  
 ( )c B~ exp /2L E k Tφ ⋅  (3.6) 
where kB is Boltzmann’s constant, φ is the volume fraction of the WLMs, and Ec is their 
end-cap energy. The key parameter here is Ec, which is the energy penalty associated 
with surfactant molecules that are stuck in the hemispherical end-caps of the WLMs 
rather than in their cylindrical bodies. The higher the Ec, the longer the WLMs will grow 
(to avoid forming end-caps).6,18 As T is decreased, the exchange of surfactants between 
micelles is slowed down; this mitigates the influence of the end-caps and thereby allows 
the chains to grow longer. Longer WLMs will take a longer time to relax, and in turn, the 
solution will become more viscous. Based on eq 3.6, even if the WLMs are not very long 
at room temperature, they could become much longer upon cooling. For this reason, we 
have extended our studies on WLM formation in the solvents from Table 3.1 to 
temperatures well below room temperature.  
 
It should be noted that studies on WLMs in water have rarely been conducted at 
temperatures much below 25°C. The reason for this lies in a key characteristic of 
surfactants called their Krafft temperature TK.2 This is the temperature below which the 
surfactant crystallizes out of solution, and hence, no micelles can be formed below TK. 
Generally, TK increases with surfactant tail length:2,51 it is ~ 20°C for surfactants with 




is saturated-C18 or longer. Thus, the relatively high TK of CTAB and CPyCl has posed a 
limitation to studying their WLMs at low temperatures. In the case of EHAC, the erucyl 
tail has a cis-unsaturation in its middle (Figure 3.1B), and this represents a kink or bend 
in the tail. Due to this kink, EHAC molecules cannot pack tightly into a crystal, which is 
why EHAC has a very low TK (< –20°C).18,36 Thus, our choice of EHAC as the surfactant 
allows us to investigate WLMs down to low temperatures. 
 
                             
 
Figure 3.7. Steady-shear rheology of EHAC-NaSal samples in various solvents. The 
data are for the relative viscosity η/ηsolvent as a function of shear-rate. All samples contain 
60 mM EHAC. The NaSal concentration is 60 mM in the glycerol sample and 90 mM in 
the formamide sample. Data are shown for glycerol and ethylene glycol at 25°C and for 
formamide at 5°C. 
 
 
 Figure 3.7 shows representative data from steady-shear rheology on samples in 
different solvents. All samples have 60 mM EHAC while the NaSal is 60 or 90 mM. The 




there is no increase in viscosity and the sample shows Newtonian behavior, indicating a 
lack of WLMs. Similar data were obtained in EG at lower temperatures, regardless of the 
EHAC or NaSal content. In formamide at 25°C, the sample exhibited η/ηsolvent close to 1 
and the behavior was Newtonian. However, at lower temperatures, the rheology became 
characteristic of WLMs. Data at 5°C are provided in Figure 3.7 and data at different 
temperatures are included in Figure 3.8. The plot in Figure 3.7 clearly shows a profile 
similar to that for glycerol: i.e., there is a high η0 at low shear-rates and shear-thinning at 
higher shear-rates. This implies the presence of long, entangled WLMs of EHAC/NaSal 
in formamide. Note that η0 for this sample is about 200 times that of the solvent at 5°C, 




Figure 3.8. Steady-shear rheology in formamide at different temperatures. The data 
are for the relative viscosity η/ηsolvent as a function of shear-rate for a sample of 60 mM 
EHAC + 90 mM NaSal in formamide at temperatures of 25, 15 and 5°C. The sample 





3.3.4 WLMs at Low and Sub-Zero Temperatures 
Next, we attempted to push the limits of WLM formation to temperatures below 
0°C. One way to obtain a liquid with a low freezing temperature Tf is by mixing pure 
solvents. For example, it is well-known that mixtures of glycerol and water have lower Tf 
than either of the pure liquids.63 In a similar vein, we studied mixtures of glycerol (Gly)  
and EG. As shown by Table 3.1, the Tf for Gly is 18°C and that for EG is –13°C. We 
confirmed that Gly-EG mixtures over a vast composition range have lower Tf than those 
of the individual solvents. For our studies, we used a 90-10 mixture of Gly-EG, which 
has a Tf  < –5°C. To form WLMs in this mixed solvent, we added 60 mM EHAC + 120 
mM NaSal. Although WLMs did not form in pure EG at this composition, they did so in 
the 90-10 Gly-EG mixture. Through visual observations, we confirmed that the sample 
remained clear and viscoelastic even when cooled to temperatures as low as –20°C. 
 
                             
Figure 3.9. Steady-shear rheology of WLMs in a low-freezing solvent (90-10 mixture 
of Gly-EG) from ambient to sub-zero temperatures. The data are for the viscosity η as 




 Figure 3.9 shows steady-shear rheological data on the above sample over a 
temperature range from –5 to 35°C. At all temperatures, the sample shows a shear-
thinning response similar to that in Figure 3.2a; thus the data reflect the presence of 
WLMs over the temperature range. The zero-shear viscosity η0 increases significantly 
with decreasing temperature: η0 is 1.7 Pa.s at 35°C and 285 Pa.s at –5°C, i.e., there is a 
150-fold increase in η0 over a 40°C span. At even lower temperatures, the viscosity 
increases further and the sample becomes almost gel-like, but we could not perform 
accurate measurements due to experimental limitations; hence, data are not shown. Still, 
Figure 3.9 is significant because it shows systematic rheological data on WLMs at 
temperatures below 0°C.     
 
 The rise in the zero-shear viscosity η0 of WLMs with decreasing temperature is 
expected to follow an exponential relation:6,18  
 ( )a0 exp /A E RTη = ⋅  (3.7) 
where A is a pre-exponential factor, T the absolute temperature, and Ea the flow 
activation energy. This relation arises from the exponential rise in WLM contour length L 
with decreasing T, as given by eq 3.8. That is, the longer the WLMs, the higher the η0. To 
verify if eq 3.9 holds for our system, we construct a semilog (Arrhenius) plot of η0 vs. 
1/T. This is shown by Figure 3.10, and the data fall on a straight line, as expected. From 
the slope, we calculate the flow activation energy Ea to be 88 kJ/mol for this sample. For 
comparison, WLMs of 60 mM EHAC + 30 mM NaSal in water had a much higher Ea of 




However, WLMs based on other surfactant/salt combinations in water have been reported 
to show similar Ea values to those determined here.40,48,49        
 
 
Figure 3.10. Arrhenius (semilog) plot of the zero-shear viscosity vs. 1/T, using the 
data from Figure 3.9. The sample contains 60 mM EHAC and 120 mM NaSal in a 
90-10 Gly-EG mixture.  
 
 
3.3.5 Nanostructure from SANS 
 Thus far, we have provided evidence from rheology and visual observations for 
the presence of WLMs in polar liquids. To further confirm the nanostructure, we resorted 
to SANS. Samples for SANS were prepared using deuterated solvents to ensure that there 
was sufficient contrast between the scattering objects and the continuous phase. SANS 
data are provided in Figure 3.11 as plots of the scattering intensity I vs. wave vector q. In 
Figure 3.11a, data are shown at 25°C for samples containing 60/30 and 60/60 
EHAC/NaSal in glycerol. There is an upturn (higher slope) for I at low q for the 60/60 
sample compared to the 60/30 one. This is consistent with the presence of longer micelles 
(WLMs) in the former, and it also tallies with the higher viscosities of the former from 




the plots; this corresponds to the scaling relationship expected for scattering from long, 
noninteracting cylinders (I ~ q–1).64,65 The slope of I in the low-q limit for the 60/60 
sample is –0.7, which is close to –1. Both samples show nearly identical data at 
intermediate and high q, which suggests that both contain cylindrical micelles with 
similar radii (estimated to be around 2.4 nm; see below), but different lengths.  
 
 
Figure 3.11. SANS plots for samples of EHAC/NaSal in deuterated solvents. Each 
plot shows the scattered intensity I vs. wave vector q. (a) Data for 60/30 and 60/60 mM 
EHAC/NaSal in glycerol at 25°C. (b) Data for 60/30 EHAC/NaSal in glycerol at 25°C 
and 65°C. (c) Data for 60/60 EHAC/NaSal in 90-10 Gly-EG at temperatures ranging 
from –20°C to 80 °C. 
    
 
 Next, the scattering from the 60/30 EHAC/NaSal sample in glycerol is studied at 
a higher temperature of 65°C. In this case (Figure 3.11b), I reaches a plateau at low q, 
which means that the micelles present are spherical. Note that the same sample at 25°C 
shows a much higher intensity at low q with a low-q slope of –0.3. The implication is that 
the relatively short cylinders present in this sample at 25°C shorten further and become 




evidence for the effects of composition and temperature on EHAC self-assembly in 
glycerol. The data confirm that: (a) micelles are present; (b) the micelles grow with 
addition of NaSal; (c) the micelles are likely to be long cylinders (WLMs) at an 
equimolar ratio of salt:surfactant at 25°C; and (d) increasing temperature shortens the 
micelles. We should emphasize that the above SANS data are very similar to those 
reported previously for aqueous WLMs, including those of EHAC/NaSal.36,37,50  
 
We also conducted SANS studies using the 90-10 mixture of Gly-EG (both 
deuterated), corresponding to Figure 3.9. Data for a sample of 60/60 EHAC/NaSal in this 
solvent mixture are shown over a temperature range from –20°C to 80°C in Figure 3.11c. 
Over the entire range, the data overlap at high q, which suggest that micelles with 
comparable radii are present at all temperatures. At the lowest temperatures, there is 
increased scattering at low q and the slope of I at low q becomes approximately –0.4. 
This is again indicative of micellar growth into cylinders (WLMs). As temperature is 
increased, the intensity drops at low and intermediate q, implying a reduction in cylinder 
length. An unusual upturn in intensity is observed at low q in the 40°C and 80°C data. 
Such an  upturn generally suggests that there are attractive interactions between the 
scattering objects,65 although it is not clear why that should arise in this sample. The 
upturn is much more pronounced for the 90-10 Gly-EG sample in Figure 3.11c than for 
the glycerol sample in Figure 3.11b. If the upturn is ignored, the conclusion to be drawn 
from Figure 3.11c would be similar to the one from above: i.e., that the micelles shorten 





   SANS data can generally be fit to models, from which the sizes of scatterers can 
be extracted.64,65 We have performed such model fitting, and the details are provided in 
the Figure 3.12. Excellent fits are obtained for a model that incorporates the form factor 
for cylinders of radius R and length L along with the structure factor for hard spheres.64 
The values of key parameters in the model are shown in Table 3.2. The micellar radius R 
is ~ 2.4 nm, and this is reliably obtained from the model fits. In fact, the same R can be 
calculated in a model-independent manner by plotting the scattering data in a cross-




Figure 3.12. Model fits to SANS data shown in the paper. Plots of scattered intensity I 
vs. wave-vector q are shown for sample A (EHAC-NaSal 60-30 mM) and sample B 
(EHAC-NaSal 60-60 mM) at two different temperatures: 25 and 65°C. In each case, the 
data (open circles) are fit to a model, and the model fits are shown as continuous lines. 
The model is discussed in the previous section. Parameters corresponding to the fits are 















25 23.9 0.105 336 0.057 35.8 
65 23.5 0.088 93 0.076 33.5 
60-60 
25 24.0 0.096 473 0.036 33.2 
65 22.7 0.102 425 0.028 27.1 
 
 With regard to the model fits in Figure 3.12, we believe there is need for caution 
in interpreting some of the parameters obtained from the modeling. Specifically, the 
models are rather insensitive to the micellar contour length L, and hence L cannot be 
accurately obtained from these fits. The underlying reason is that WLMs are expected to 
have contour lengths L exceeding 100 nm. SANS, on the other hand, provides an accurate 
window primarily into structures between about 0.2 to 30 nm. In effect, when the WLM 
length exceeds this window, SANS only probes a portion of the entire WLM chain and is 
therefore insensitive to the contour length.65 For example, the SANS data in Figure 3.11c 
for WLMs at temperatures of 0°C and –20°C are nearly identical; however, from the 
rheology data, we know that at the colder temperature, the WLMs must be much longer, 
which is why the sample is much more viscous. Despite these issues, it is clear that the 
SANS modeling supports the presence of surfactant-based WLMs in polar solvents.  
 
Another model-independent approach to SANS analysis is by use of the Indirect 
Fourier Transform (IFT) method,66,67 which permits the data to be analyzed without 




shows the pair distance distribution functions p(r) obtained from IFT analysis of the 
SANS data from the 60/60 EHAC/NaSal sample at 25 and 65°C. 
 
 
Figure 3.13. IFT analysis of SANS data on samples in glycerol. The data for the 
sample of EHAC-NaSal (60-30 mM) in glycerol at 25°C and 65°C are analyzed by IFT to 
obtain the corresponding pair distance distribution functions p(r). (a) At 25°C, the p(r) 
plot is asymmetrical and indicative of elongated micelles (WLMs). The point where p(r) 
hits the x-axis (~ 150 Å), indicated by the arrow, is an estimate for the micellar length. 
(b) At 65°C, on the other hand, p(r) is symmetrical, which is indicative of spherical 
micelles. The point where p(r) hits the x-axis (~ 70 Å), indicated by the arrow, is an 




 The p(r) at 25°C is asymmetrical and the curve hits the x-axis around 15 nm. This 
shape of p(r) is known to be characteristic of cylindrical micelles,66,67 with 15 nm being a 
lower estimate for their length. On the other hand, the p(r) at 65°C is symmetrical and 
this shape is characteristic of spherical micelles.66,67 In this case, the point where p(r) hits 
the x-axis is about 7 nm, which corresponds to the diameter of the spheres. Thus, the IFT 
analysis also suggests that the micelles are larger and cylindrical (i.e., WLMs) at low 




3.4 Conclusions and Outlook 
We have shown that it is possible for surfactants to self-assemble into large 
aggregates, specifically WLMs, in polar solvents like glycerol and formamide. This was 
achieved by combining a long-tailed (C22) cationic surfactant (EHAC) with a ‘binding’ 
salt (NaSal or NaTos). Simple salts (NaCl or KCl) were unable to induce EHAC to form 
WLMs in polar solvents, although they are able to do so in water. Also, shorter-tailed 
(C16) cationic surfactants did not assemble into WLMs in these solvents, whether they 
were combined with binding or simple salts. Thus, both the surfactant and the salt have to 
be chosen carefully to enable WLM formation in these non-aqueous systems. WLMs in 
polar solvents display viscoelastic and shear-thinning rheology, much like WLMs in 
water. However, the dynamic rheology of the former is quite unusual – the frequency 
spectra reveal multiple intersections of the elastic and viscous moduli (G′ and G″). We 
have exploited the low Krafft point of EHAC and the low freezing points of Gly-EG 




(–20°C). SANS measurements confirm that WLMs are still present at these low 
temperatures. Thereby, we have been able to extend the range for WLM formation to 
much lower temperatures than in previous studies.  
 
The ability to create non-aqueous viscoelastic fluids that withstand low 
temperatures is one notable point of this study. Because the fluids are formed by mixing 
commonly available precursors, they could be prepared in large quantities at low cost. 
Thereby, the fluids would be suitable for industrial applications that require cold 
temperatures, including as lubricants or as anti-freeze coatings on surfaces.23 A simple 
experiment to illustrate the utility is shown in Figure 3.14. Here, aluminum-covered 
surfaces are placed at a near-vertical angle and a given amount of fluid is introduced onto 
it. As an example of a low-freezing liquid, we employ a 90-10 Gly-EG mixture (same as 
in Figure 3.9). If the liquid alone is introduced onto the surface, it flows down and dewets 
the surface in a short time, leaving it exposed (Figure 3.14a). However, if the same Gly-
EG with WLMs of EHAC/NaSal is introduced, it too flows down, but still maintains a 
thin film over the entire surface (Figure 3.14b). Note that this is not just because the fluid 
has a higher viscosity, rather it reflects the viscoelasticity of the WLM solution. In fact, 
due to the shear-thinning nature of WLMs, the viscosity at high shear-rates (that are 
commonly encountered in spraying or blading operations) will be close to that of the 
solvent (see Figure 3.9). Thus, spraying such viscoelastic fluids onto a surface such as 
aircraft wings can be readily accomplished, and the fluids could be highly effective for 







Figure 3.14. Experiment demonstrating the utility of viscoelastic WLMs in Gly-EG 
mixtures. A Gly-EG (90:10 v/v) mixture has a freezing point below –20°C. It can be 
rendered viscoelastic (due to the formation of WLMs) by adding EHAC-NaSal (60-60 
mM). The bare solvent mixture and its viscoelastic counterpart are compared in a simple 
visual test. For this, inclined aluminum surfaces were created using glass slides covered 
with aluminum foil. Red iron oxide pigment (0.1 wt%) was added to the solutions for 
better visualization. Approximately 1 g of the respective samples were applied onto the 
surfaces using a paint brush (left top) at time t = 0, and the surfaces were then placed in 
the freezer (T ~ ‒20°C) for 15 hours. Due to the low freezing point of the solvent, neither 
sample froze into a solid. Results are shown in (a) for the Gly-EG solvent mixture and in 
(b) for the viscoelastic sample of WLMs in Gly-EG. In (a), the liquid initially coats the 
surface (top), but it quickly flows down the surface and collects in a pool below (bottom). 
The surface is thereby left exposed. Only 28% of the liquid mass was measured to remain 
on the surface. In (b), the viscoelastic sample coats the surface as a thin film (top), and 
this film persists even after 15 hours (bottom). 98% of the sample mass was found to 





Rheology of Wormlike Micelles in Polar Solvents 
 
4.1 Introduction  
Wormlike micelles (WLMs) are long, flexible cylindrical chains formed by the 
self-assembly of surfactants.4,5 They share many similarities with polymers in solution, 
including the ability to entangle and form transient networks, which makes the solution 
highly viscous and viscoelastic.2,5,6,68,69 Most studies on WLMs have been conducted in 
water, and a typical formulation of aqueous WLMs consists of a cationic surfactant with 
a long tail (C16 or higher) combined with a salt.6,18,31,34,37,40,48 WLMs in water tend to have 
diameters around 5 nm (the diameter is about twice the length of the surfactant tail) and 
contour (end-to-end) lengths L ranging from 100 to 5000 nm. This in turn implies 
aggregation numbers Nagg (i.e., the number of molecules associated into a micelle) of a 
1000 or higher.  
 
In Chapter 3, we showed that WLMs could be formed in polar organic solvents 
such as glycerol and formamide. To our knowledge, this is the first report of WLMs in 
pure solvents of intermediate polarity. Previous studies in these solvents had only 
reported small micelles with Nagg of 100 or lower.9-15,57 The system we studied contained 
a cationic surfactant with a long (C22) tail, erucyl bis(hydroxyethyl)methyl ammonium 
chloride (EHAC) and an aromatic salt, sodium salicylate (NaSal). Equimolar mixtures of 
EHAC and NaSal gave rise to WLMs in glycerol, and the resulting samples were 




90-10 solvent mixture of glycerol and ethylene glycol, which had a freezing point well 
below 0°C. Thereby, we were able to confirm the existence of WLMs at sub-zero 
temperatures in these systems.  
 
The focus of the current work is the rheology of WLMs in polar solvents like 
glycerol. In Chapter 3, we had briefly presented the dynamic rheology, i.e. plots of the 
elastic modulus (G′) and viscous modulus (G″) against frequency ω, for one of those 
samples. The data exhibited several unusual features that made it distinct from the 
rheology of WLMs in water. From a rheological perspective, WLMs (in water) are 
considered a model viscoelastic fluid because their dynamic rheology closely follows the 
Maxwell model of viscoelasticity with a single relaxation time tR.6,20,31,34,68,70,71 In the 
case of a Maxwell fluid, G′ and G″ show a single intersection at a crossover frequency 
ωc, from which tR = 1/ωc can be estimated. In contrast, we find that WLMs in glycerol 
exhibit not one but two intersections of G′ and G″ – at crossover frequencies of ωc1 and 
ωc2. The entire dynamic frequency spectrum is thereby quite unique and can be 
demarcated into three regimes. The objective of this paper is to document the differences 
in rheology between WLMs in glycerol and water. We will then attempt to explain why 





4.2 Experimental Section 
Materials: The surfactant erucyl bis(hydroxyethyl)methyl ammonium chloride (EHAC) 
was obtained from Akzo Nobel. EHAC was dried in a vacuum oven at room temperature 
before use. Sodium salicylate (NaSal) and glycerol (Gly) were obtained from Sigma 
Aldrich.  
 
Sample Preparation. Stock solutions of EHAC and NaSal were prepared by adding 
weighed amounts of each into glycerol and heating to ~ 60°C on a hot plate under 
constant stirring for 4–5 h. After clear solutions were obtained, they were cooled and 
stored at room temperature. To prepare a sample with desired molar concentrations of 
surfactant and salt, the respective stock solutions were combined and diluted with the 
solvent. After vortex mixing, the sample was heated to 60°C for 10–15 min and then 
cooled to room temperature. Samples were left at room temperature for at least a day 
before any measurements. 
 
Rheology. Rheological experiments were conducted on an AR2000 stress-controlled 
rheometer (TA Instruments). A cone-and-plate geometry (2° stainless steel cone) was 
used to perform the steady-shear and oscillatory-shear experiments. The temperature was 
controlled by a Peltier assembly on the rheometer, which employed a circulating fluid 
that was fed from a chiller. A 50-50 mixture of ethanol-water was used as the circulating 
fluid. Rheological experiments were conducted at temperatures ranging from 10 to 50°C. 
Dynamic frequency sweep experiments were conducted in the linear viscoelastic regime 




4.3 Results and Discussion 
4.3.1 Typical Rheology of WLMs in Water and Glycerol 
WLMs in water are known to be single-tR Maxwell fluids, even though the chains 
are highly polydisperse in their length.31 The reason for this behavior was explained by 
Cates in 1987.20 WLMs can release an applied stress in two ways. First, the chains can 
relax by reptation, much like polymers, and this is associated with a reptation time trep.33 
However, unlike polymers, WLM chains can also undergo reversible scission, i.e., they 
can break into segments, or broken segments can recombine into a whole. Micellar 
breaking provides a second mode for stress-relaxation in the case of WLMs that is absent 
for polymers, and this is associated with a breaking time tbr.20 Cates predicted that, for the 
case of ‘fast-breaking’ WLMs with tbr << trep, the rheology would be that of a Maxwell 
fluid, and that the single relaxation time tR = br rept t⋅ . Indeed, many WLM samples in 
water behave as Maxwell fluids and an example is shown in Figure 4.1a.34 The sample 
consists of cationic surfactant cetyl pyridinium chloride (CPyCl, 100 mM) combined with 
60 mM NaSal in water at 20 °C. The data, from a 1991 paper by Rehage and Hoffmann, 
were obtained using mechanical rheometry. Plots of G′ and G″ vs. frequency ω are 





























where Gp is the plateau modulus, i.e., the value of G′ at high ω. As expected, G′ and G″ 
show a single intersection at a crossover frequency ωc ~ 0.1 rad/s, from which tR = 1/ωc 





Figure 4.1. Comparing the dynamic rheology of WLMs in water and glycerol. In all 
cases, the elastic modulus G′ and the viscous modulus G″ are plotted vs. frequency ω. (a) 
Typical WLMs in water (60 mM CPyCl + 60 mM NaSal) show the rheology of a single-
tR Maxwell fluid (lines are fits to this model).34 The data are from rheometry. (b) Data for 
WLMs of 60 mM CTAB + 100 mM NaClO3 in water are shown over a wide range of ω 
by combining measurements from rheometry, oscillatory squeeze flow (OSF) and 
diffusive wave spectroscopy (DWS).19 In this case, G′ and G″ cross twice, indicating 
three distinct regimes in the data. (c) Typical WLMs in glycerol (60 mM EHAC + 60 
mM NaSal) show the same three regimes as in (b), but over a much narrower range of ω. 






The data in Figure 4.1a can be demarcated into two distinct regimes based on ω. 
For ω < ωc, there is a ‘terminal’ regime where G″ > G′, indicating viscous behavior, with 
the slopes of the moduli being 1 and 2 on the log-log plot.34,35 In this regime, the 
timescales are long enough for the WLMs to disengage from their transient network and 
relax slowly. At shorter timescales, i.e., for ω > ωc, there is an ‘elastic’ regime, where G′ 
reaches a plateau (Gp) and G′ > G″. At these timescales, the rheology reflects the intact 
network of WLMs connected by entanglements. Midway through this elastic regime, G″ 
reaches a minimum and then begins an upturn at higher ω. However, in mechanical 
rheometry, the data are restricted to ω ~ 100 rad/s and hence data for G′ and G″ at higher 
ω cannot be obtained.18,34  
 
 WLM rheology at higher ω has been addressed in recent years,19,72-74 and a typical 
dataset is shown in Figure 4.1b. The sample consists of the cationic surfactant cetyl 
trimethylammonium bromide (CTAB, 60 mM) combined with sodium chlorate (NaClO3, 
100 mM) in water. This data is from a 2010 paper by Oelschlaeger and were obtained by 
superposing measurements from three techniques: mechanical rheometry (at low ω), 
oscillatory squeeze flow (OSF, higher ω), and diffusive wave spectroscopy (DWS, 
highest ω).19 We again note that there is a terminal regime at low ω (where G″ > G′), and 
then an elastic regime at medium ω, where G′ = Gp while G″ goes through a minimum 
and an upturn. There are two crossover frequencies at which G′ and G″ intersect: the first 




occurs at ωc2 ~ 105 rad/s and marks the end of the elastic regime. We can conclude that, 
for WLMs in water, there will be two crossover frequencies that are widely separated by 
several decades.19,35,75  
  
The third regime at ω > ωc2 can be termed the ‘breathing’ regime.33,35,71,73,76 At 
these very short timescales, the rheology reflects the dynamics of individual chain 
segments in an intact network. The chain segments will relax only via bending or 
‘breathing’ motions (also termed ‘Rouse-Zimm’ modes). Note that in the breathing 
regime, both moduli are functions of ω, with G″ > G′, much like in the terminal regime. 
The breathing regime has been documented for entangled polymer solutions and 
melts.33,77 For these systems, the technique of time-temperature superposition (TTS) is 
used to access a wide range of ω.35,78 However, TTS cannot be used for WLMs because 
the WLM length changes with temperature. Thus, to cover all three regimes for WLMs, a 
wide range of ω must be accessed at a single temperature, and for this can be done only 
by resorting to advanced techniques like OSF and DWS, not by mechanical rheometry. 
For instance, the ω axis in Figure 4.1b spans from 10–2 to 106 rad/s, i.e., across eight 
decades.     
  
 In contrast, consider a typical plot of G′ and G″ vs. ω for WLMs in glycerol, as 
shown in Figure 4.1c. The sample consists of EHAC (60 mM) combined with NaSal 
(60 mM), and the entire dataset is from mechanical rheometry. In this case, over a ω 
range of just three decades (10–1 to 102 rad/s) we find all the three regimes noted in 




frequencies at which G′ and G″ intersect: ωc1 ~ 1 rad/s and ωc2 ~ 10 rad/s. This means 
that the elastic regime spans only one decade in ω, and in fact G′ keeps increasing in this 
regime instead of reaching a plateau. Also, the transition to the breathing regime occurs at 
a frequency that is 104 times lower than for the aqueous WLMs in Figure 4.1b, thereby 
allowing this regime to be accessed easily by rheometry. Clearly, the rheology of WLMs 
in glycerol is very different from that of aqueous WLMs. Incidentally, the lines through 
the data in Figure 4.1c are fits to a generalized Maxwell model that includes 4 modes, 
each with a different Gp and tR.  
 
4.3.2 Rheology of WLMs in Glycerol as a Function of Temperature 
The data in Figure 4.1c are for a 60/60 EHAC/NaSal sample in glycerol at 25°C. 
It is useful to examine the dynamic rheological data for the above sample as a function of 
temperature (T). Data were collected on this sample from 10 to 50°C in increments of 
1°C, and a subset of this data from 25 to 40°C are shown in a single plot in Figure 4.2a. 
As T increases, the contour length of the WLMs decreases exponentially, and hence, the 
WLMs relax exponentially faster (in turn, the zero-shear viscosity of the WLM solutions 
also plummets). This explains the broad trend in Figure 4.2a where both G′ and G″ shift 
towards higher ω with increasing T. A second trend is that the terminal regime is more 
pronounced at higher T while the elastic and breathing regimes are more apparent at 
lower T. In the terminal regime, G″ > G′, with the slopes of G′ and G″ being slopes close 
to 2 and 1 respectively, as expected for typical WLMs and polymeric fluids. After the 
moduli cross at ωc1, G′ overtakes G″ in the elastic regime. Thereafter, the moduli cross 




T, we can calculate tR1 = 1/ωc1, which is the ‘long’ relaxation time, and tR2 = 1/ωc2, which 
is the ‘short’ relaxation time.   
 
Figure 4.2. Dynamic rheology of WLMs in glycerol at various temperatures. In all 
cases, the elastic modulus G′ and the viscous modulus G″ are plotted vs. frequency ω for 
a sample of 60 mM EHAC + 60 mM NaSal.  (a) Data over a temperature range from 25 
to 40°C in increments of 1°C. The moduli at specific temperatures are shown to indicate 
specific patterns in the data: (b) 15°C; (c) 31°C; and (d) 40°C.  
 
 
Data at specific temperatures are highlighted in Figure 4.2b to 4.2d, and these 




(Figure 4.2b), G′ and G″ cross twice, much like in the case of Figure 4.1c. This pattern 
persists between 15 and 30°C. Between the crossover points, the curves form a loop, and 
the width (i.e., range of ω) as well as the area of this loop decreases with increasing T. 
The curves at 31°C are particularly interesting (Figure 4.2c): in this case, the moduli 
cross three times, with two of these occurring in the breathing regime. This unusual 
pattern in the dynamic spectra is observed over a short range of temperatures: from 31 to 
33°C. For T ≥ 34°C, G′ and G″ cross just once, as shown for the case of 40°C in Figure 
4.2d. At this point, the loop between G′ and G″ has vanished, and there appears to be a 
direct jump from the terminal to the breathing regime. The lack of an elastic regime at 
these higher T may imply that the WLMs are not long enough by this point to form an 
entangled network. Note that the moduli in the breathing regime are very close to each 
other (nearly overlap) over a range of ω.      
 
Figure 4.3. Parameters extracted from the temperature-dependent rheology of 
WLMs in glycerol. The parameters are from Figure 4.2, which shows data at various 
temperatures for a sample of 60 mM EHAC + 60 mM NaSal in glycerol.  (a) Crossover 
frequencies ωc1, ωc2, and ωc3 as a function of temperature. (b) Ratio of ωc2/ωc1 as a 





Parameters extracted from the data in Figure 4.2 are shown in Figure 4.3. The 
crossover frequencies ωc1, ωc2, and ωc3 are plotted vs. T on a log-linear plot in Figure 
4.3a. A linear relationship is found for both ωc1 and ωc2 over the range of T. This means 
that the corresponding relaxation times tR1 and tR2 decrease exponentially with T. ωc2 
does not exist above 33°C and it is only in the vicinity of this temperature that ωc3 is 
measured. Another parameter of interest is the pseudo-plateau modulus Gp. Although G′ 
does not reach a true plateau, Gp can be determined as the value of G′ when the loss 
tangent tan δ = G″/G′ reaches a minimum.77 We find that Gp is nearly constant (13-16 Pa) 
from 10 to 33°C (beyond this T, the elastic regime is absent and therefore Gp is 
undefined).   
    
The implications of the above results are the following. It is known that Gp 
inversely correlates with the mesh size of the transient WLM network.72,73 Thus, the 
constancy of Gp means that the network mesh size is constant from 10 to 33°C. Also, 
provided the WLMs are long enough to entangle, Gp will be independent of their contour 
length L. In other words, each WLM will be entangled many times with other WLMs. 
The distance along the micellar network between any two entanglement points is called 
the entanglement length Le. A parameter that characterizes chain entanglement is the 
average number of entanglements per WLM chain, Z = L/Le.75 Recent studies have 
correlated Z with the ratio of ωc2/ωc1.33 We have computed the above ratio of frequencies 
and plotted it against T in Figure 4.3b. The results reveal a steady, linear decrease in this 
ratio – from 60 at 10°C to 15 at 25°C – and thereafter the ratio remains constant until 




when the WLMs are long. Increasing T decreases L and thus decreases Z. This analysis 
also reveals one important difference between WLMs in glycerol and those in water. For 
WLMs in glycerol, the highest ratio of ωc2/ωc1 is about 60. For WLMs in water, the ratio 
of ωc2/ωc1 can be 104 or higher, indicating a much higher number of entanglements per 
chain. From these results, we can infer that WLMs in glycerol are much shorter (and thus 
have far fewer entanglements per chain) compared to WLMs in water.   
 
A common way to show the Maxwellian behavior of WLMs in water is by using 
the Cole-Cole plot, which is a linear plot of G″ vs. G′.70,71 The Cole-Cole plot for a 
Maxwell fluid will be a perfect semicircle, with the diameter of the semicircle being the 
plateau modulus Gp. We had previously shown the Maxwellian rheology of WLMs in 
water in Figure 4.1a. The Cole-Cole plot of this data is shown in Figure 4.4a, and indeed 
it is close to a semicircle. For comparison, the data for WLMs in glycerol at 25°C (from 
Figure 4.1c) are shown on the same graph. In this case, the plot deviates from the 
semicircular shape and extends as a near-straight line. Data for the glycerol sample at 
various temperatures are plotted in the Cole-Cole format in Figure 4.4b. As T is 
increased, the plots initially follow semicircular arcs (see inset), with the diameter of the 
arc being higher at higher T. However, the plots then deviate from the arc and extend as 
straight lines. These lines fan out from the initial region, and the slopes of the lines 









Figure 4.4. Cole-Cole plots for WLMs in water and glycerol. A Cole-Cole plot is one 
of G″ vs. G′, with both axes on a linear scale. (a) Comparison via Cole-Cole plots at 25°C 
of WLMs in water (data from Figure 4.1a) and WLMs in glycerol (data from Figure 
4.1c). The aqueous sample is a Maxwell fluid, which corresponds to a semicircle on the 
Cole-Cole plot. The glycerol sample deviates from the semicircular arc and extends as a 
straight line. (b) Cole-Cole plots for WLMs in glycerol at various temperatures (data 
from Figure 4.2a). The plots fan out in a series of straight lines at high moduli. The inset 






4.3.3 Rheology of WLMs in Glycerol as a Function of Salt 
In the previous section, we described the rheology of WLMs in glycerol as a 
function of temperature. Many other variables can be used to alter the rheology of such 
WLMs, including the concentration of the EHAC surfactant, the concentration of salt 
(NaSal), and the type of salt. Regardless of the variable studied, the unusual rheology 
with two crossovers of G′ and G″ is seen for a range of samples. Here, we focus on the 
NaSal concentration and illustrate how it affects the rheology at a single temperature of 
25°C (Figure 4.5). The EHAC concentration is fixed at 60 mM and only NaSal is varied. 
Until about 30 mM NaSal, the response is purely viscous (Figure 4.5a), with only the 
terminal region (G″ > G′ at all ω) being observed in the data. At 42 mM NaSal (Figure 
4.5b), the response becomes viscoelastic, with G′ and G″ overlapping over an 
intermediate range of ω. At 60 mM NaSal, the double-crossovers are observed, which is 
the pattern discussed in detail above. At this NaSal concentration, the salt and surfactant 
are at equimolar levels, and WLM formation in glycerol is maximized. This aspect has 
been discussed in detail in Chapter 3; note that the zero-shear viscosity η0 reaches a 
maximum as a function of salt at this concentration. Accordingly, for NaSal > 60 mM, 
there is a reduction in viscoelasticity, i.e., the loop area between G′ and G″ decreases and 
eventually drops to zero. An example is shown in Figure 4.5d for 78 mM NaSal: here, G′ 
and G″ are separate curves that do not cross. Note the similarity between the curves in 









Figure 4.5. Dynamic rheology of WLMs in glycerol at various salt concentrations. In 
all cases, the elastic modulus G′ and the viscous modulus G″ are plotted vs. frequency ω. 
All experiments were done at 25°C. The samples contain 60 mM EHAC and varying 







4.3.4 Differences Between WLMs in Glycerol and Water 
We have demonstrated that WLMs in glycerol exhibit very different responses in 
dynamic rheology compared to WLMs in water. The differences can be summarized as 
follows:  
(1) WLMs in water are Maxwell fluids with a single tR, and this manifests as a 
semicircle on a Cole-Cole plot.70 WLMs in glycerol are not Maxwell fluids; 
rather they exhibit a spectrum of relaxation times. Their response deviates 
sharply from a semicircle on a Cole-Cole plot.  
 
(2) WLMs in water exhibit a single crossover of G′ and G″ (at ωc1) in the ω-range 
accessible by mechanical rheometry.18,37 WLMs in glycerol exhibit two 
crossovers of G′ and G″ (at ωc1 and ωc2) in the ω-range accessible by 
mechanical rheometry. 
 
(3) WLMs in water exhibit a second crossover of G′ and G″ at ωc2 ~ 105 rad/s, 
above which is the ‘breathing regime’, corresponding to segmental motion of 
the chains.19,72,75 Data at such high ω can be recorded only by advanced 
techniques like OSF and DWS. The ratio of ωc2/ωc1is ~ 104 for these WLMs. 
In contrast, for WLMs in glycerol, ωc2 occurs around 10 rad/s, i.e., the 
breathing regime is reached at much lower ω, and the ratio of ωc2/ωc1 is ~ 10. 
 
Why do these differences arise, and what does it tell us about WLMs in glycerol? 
To understand the origin of these differences, we need to discuss how glycerol differs 




viscous than water; and (b) the propensity of surfactants to self-assemble into micelles is 
much lower in glycerol than in water.10,11 With regard to (b), self-assembly in water is 
driven by the hydrophobic effect, which is a strong interaction mainly due to the unique 
properties of water. In comparison, the driving force for self-assembly in glycerol is the 
‘solvophobic effect’, which is much weaker.12,28,29,58 This is why there are no examples of 
WLMs in glycerol apart from our own study in Chapter 3. Due to the weaker driving 
force, WLMs in glycerol are likely to be shorter, i.e., have lower contour lengths L 
compared to WLMs in water. The shorter WLMs will also have fewer entanglements per 
chain (lower Z = L/Le), which explains why the ratio of ωc2/ωc1is much lower in glycerol 
than in water.  
 
We also hypothesize a second difference: that the WLMs in glycerol are much 
less dynamic, i.e., they will break and recombine much less frequently compared to 
WLMs in water. In other words, the breaking time tbr for WLMs in glycerol will be much 
greater than the tbr for WLMs in water. The reason for this difference lies in the higher 
viscosity of glycerol, which is about 900 times that of water. For a WLM to break, 
surfactant unimers will have to diffuse out of a micelle in unison or in close succession. 
However, the timescale for such diffusion will be quite long because the solvent is so 
viscous. Thus, while individual surfactants may temporarily leave the WLM, the micelle 
will still not break, or its tbr will be very high. If our hypothesis is correct, WLMs in 
glycerol will never be in the fast breaking limit (tbr << trep) and this can explain why their 
rheology is never Maxwellian. The point then is that WLMs in glycerol behave, not like 




The third key aspect is regarding the role of the viscous solvent towards the 
rheology of the WLMs in glycerol. As noted earlier, when the WLMs are in the breathing 
regime at high ω, the chains will undergo segmental motions.19 Due to the viscous nature 
of glycerol, these segmental motions will be dissipative (G″ > G′), and moreover the 
solvent will influence the rheology at these high ω. We suggest that there are two 
factors that lead to the double-crossover of G′ and G″ over a narrow range of ω. First, the 
WLMs are relatively short and weakly entangled – hence their terminal relaxation time is 
low (and in turn, ωc1 is quite high at ~ 1 rad/s). Second, the influence of the viscous 
solvent at high ω may push the second crossover within the ω-window of mechanical 
rheometry, i.e., ωc2 ~ 10 rad/s. In other words, if a sample only had short WLMs, but the 
solvent was of low-viscosity (like water), we may only observe a single crossover of the 
moduli. It is the glycerol that ensures the unusual double-crossover of G′ and G″ within 
just a decade of ω.   
  
4.4 Conclusions 
 We have demonstrated that the dynamic rheology of WLMs in glycerol is very 
different from that of WLMs in water. WLMs in glycerol are not Maxwell fluids; on the 
contrary, they exhibit a double-crossover of G′ and G″ (at ωc1 and ωc2), with the entire set 
of data falling within the ω-window accessible by rheometry (10–2 to 102 rad/s). At 
frequencies above ωc2, the rheology is dominated by the segmental motion of chains in 
the ‘breathing regime’ – this regime has been rarely studied for WLMs, although it is 




that is much more viscous than water, exerts a key influence in pushing ωc2 to relatively 
low values around 10 rad/s; in comparison, ωc2 for WLMs in water is expected to fall 
around 105 rad/s. Our rheological studies also reveal key clues about the WLMs in 
glycerol. These WLMs are expected to be shorter and weakly entangled compared to 
WLMs in water. Moreover, in terms of their dynamics, WLMs in glycerol are expected to 
be similar to polymers – i.e., the chains will remain intact and not break and re-form 





Vesicles in Polar Organic Solvents 
 
5.1 Introduction 
In Chapters 3 and 4, we discussed the self-assembly of wormlike micelles 
(WLMs) in polar organic solvents. In this chapter, we turn our attention to the self-
assembly of vesicles in the same solvents. Vesicles are spherical nanostructures formed 
by the self-assembly of amphiphiles that have a critical packing parameter CPP = 1 
(Figure 5.1).1 The CPP was defined in Chapter 2, and a CPP of 1 means that the 
amphiphiles have nearly equal cross-sectional areas of their head and tail regions, i.e., 
they are cylinder-shaped. This is achieved typically with lipids, which are biological 
amphiphiles with two tails (Figure 5.1). Lipids form the membranes of cells in our body, 
and each cell membrane is a bilayer of the lipids, where the lipids are arranged in a head-
tail-tail-head fashion.7 Vesicles formed from lipids (also called liposomes) have a similar 
bilayer-shell (thickness ~ 5 nm) that enclose a core of the solvent. The overall diameter of 
vesicles with a single bilayer (i.e., unilamellar vesicles) is ~ 100 nm.1,3,79 Vesicles in 
water have been of great interest because their aqueous core can encapsulate drugs, which 
can be released through the shell. Thus, vesicles serve as nanocontainers for drug 
delivery.  
 
Can vesicles be formed in polar organic solvents with high dielectric constants 




assembly due to solvophobic effects, and there is evidence for the formation of spherical 
surfactant micelles in the three solvents named above.9-12,59 To our knowledge, however, 
there is no prior evidence for the formation of vesicles in these solvents. In fact, we have 
not found any reports on lipids at semidilute concentrations (< 10 wt%) in polar 
solvents.80-83 We did find one study by Friberg et. al. from 1985 that focused on 
concentrated mixtures of lipids in glycerol (> 40 wt% lipid).84 This study did not mention 
vesicles; instead it focused on the lyotropic liquid crystalline phases (lamellar, hexagonal 
and cubic) that arise at higher lipid concentrations. Recently, there have been a few 
studies done with surfactants in ionic liquids, and in one case, giant vesicles (> 10 µm) 
were reported.16,17,85  
 
 
Figure 5.1. Lecithin self-assembly in water. Lecithin or L-α-phosphatidylcholine 
consists of two unsaturated non-polar tails (red) and a polar headgroup (blue). In water, 
lecithin self-assembles to form spherical vesicles with an aqueous core and lipid bilayer. 
 
Here, we study the self-assembly of lecithin, a common phospholipid extracted 
from soybeans (Figure 5.1), in polar organic solvents such as glycerol, ethylene glycol 




into vesicles has been extensively studied in water, typically at concentrations ~ 1-2 wt%. 
In liquids like glycerol, we show that lecithin forms nanoscale vesicles over a wide range 
of concentrations (~ 2 to 15 wt%). At the higher end of this concentration range, the 
samples are gel-like and birefringent at rest. The birefringence is particularly interesting 
and unusual: it is not exhibited by vesicles in water, and it is associated with liquid 
crystalline phases. We will attempt to explain why these properties arise. While our study 
is focused on fundamental aspects, the systems described here could also be intriguing 
from a practical standpoint. For example, glycerol is widely used as a cryo-protectant in 
biological systems, i.e., to keep cells in a viable state at low temperatures.86,87 Glycerol is 
also a hydrating agent for skin in cosmetics, while ethylene glycol is used in antifreeze 
formulations.79 Thus, the ability to form vesicles and vesicle gels in these liquids could 
potentially be useful in pharmaceutics, cosmetics, and as lubricants or antifreeze agents 
for low temperatures.21,22 
 
5.2 Experimental Section 
Materials: Lecithin (soy-phosphatidylcholine (95% purity) was purchased from Avanti 
Polar Lipids. The solvents glycerol, ethylene glycol and formamide were obtained from 
Sigma Aldrich, while deuterated (d-8) glycerol (C3D8O3) was from Cambridge Isotopes. 
Ultrapure deionized (DI) water from a Millipore filtration system was used to prepare 
aqueous samples.  
 
Sample Preparation. Vesicles in water-solvent mixtures were prepared by a thin-film 




then the solvent was evaporated under nitrogen to yield a thin film of the lipid. The film 
was then dried in a lyophilizer for 8-10 h and then contacted with the water-solvent 
mixture. Finally, the solution was sonicated using a Branson tip sonicator for 3-4 min. 
Vesicles in pure solvents like glycerol were prepared by adding weighted amounts of 
lecithin and glycerol in a vial and heating to ~ 60°C on a hot plate under constant stirring 
for ~24 h. After clear solutions were obtained, they were cooled and stored at room 
temperature. Samples were left at room temperature for at least a day before any 
measurements. 
 
Rheology. Rheological experiments were conducted on an AR2000 stress-controlled 
rheometer (TA Instruments). A cone-and-plate geometry (2° stainless steel cone) was 
used to perform the steady-shear and oscillatory-shear experiments. The temperature was 
controlled by a Peltier assembly on the rheometer, which employed a circulating fluid 
that was fed from a chiller. Rheological experiments were conducted at temperatures 
ranging from 25 to 65°C. Dynamic frequency sweep experiments were conducted in the 
linear viscoelastic regime for each sample, which was determined from strain-sweep 
experiments. 
 
Cryogenic Scanning Electron Microscopy (Cryo-SEM). A Hitachi S-4800 field 
emission SEM with an operating voltage of 3 kV was used. Samples were placed into 
rivets mounted onto the cryo-SEM sample holder. This was then plunged into slushed 
liquid nitrogen for vitrification of the solvent. Samples were then fractured at −130°C 




The temperature was lowered back to −130°C, and the sample was then sputtered with a 
gold−palladium composite at 10 mA for 132 s before imaging.  
 
Small Angle Neutron Scattering. SANS experiments were performed at the National 
Institute of Standards and Technology (NIST), Gaithersburg, MD on the NG-B (30 m) 
beamline. Neutrons with a wavelength λ of 6 Å were selected and the range of wave-
vector q accessed was from 0.004 to 0.4 Å–1. The sample holders were 1 mm titanium 
cells with quartz windows. The scattering data were reduced using IGOR-Pro software 
and were corrected to obtain an absolute scale of scattering intensity using NIST 
calibration standards. SANS fitting was done using the SasView software. 
 
Small Angle X-ray Scattering. SAXS experiment was conducted on a Xenocs Xeuss 2.0 
SAXS/WAXS machine with a Cu source (λ = 1.54 Å) for X-ray generation. A Pilatus 
300K detector is used for 2D scattering pattern collection. The sample-to-detector 
distance (SDD) was adjusted to collect scattering data in a desired q-range.  
 
Dynamic Light Scattering. The size of vesicles was determined using a Photocor-FC 
light scattering instrument used at 90°. This instrument was equipped with a 5 mW laser 
source at 633 nm and a logarithmic correlator was used.  
 
UV-Vis Spectroscopy. A Varian Cary 50 UV-Vis spectrophotometer was used to 
monitor the absorbance of the vesicle solutions at 500 nm. The optical density is 




5.3 Results and Discussion 
5.3.1 Lecithin in Water-Solvent Mixtures 
 First, we consider vesicle formation in water-solvent mixtures. Lipids like lecithin 
are known to form unilamellar vesicles in water.79 What happens if water is gradually 
replaced by a polar solvent like glycerol? To study this, we prepared vesicles of 2% 
lecithin in water as well as in water/glycerol mixtures. The samples were first 
characterized by dynamic light scattering (DLS), which yields the hydrodynamic 
diameter (Dh) of the vesicles. The vesicles in water had a Dh of about 160 nm, which is 
consistent with previous studies from our lab. When water was replaced with 
water/glycerol mixtures, there were modest changes in the vesicle diameter. In the case of 
a 50/50 water/glycerol sample, a Dh of about 110 nm was measured by DLS.  
 
   Photos of sample vials containing 2% lecithin in water/glycerol weight ratios 
from 50/50 to 0/100 are shown in Figure 5.1a. In this range of solvent compositions, 
some differences between the samples are apparent from visual observations. It is well-
known that vesicle solutions appear turbid (bluish or bluish-white in color) due to the 
scattering of light by the nanoscale vesicles. If the vesicles are smaller or are present at a 
lower concentration, the sample will appear less turbid. Here, we find that the turbidity 
decreases as the glycerol content increases. Samples at 20/80, 10/90 and 0/100 
water/glycerol are almost perfectly clear, i.e., they scatter light to a much lower extent. 






Figure 5.2. Lecithin self-assembly in water-solvent mixtures. (a) Sample images for 
lecithin vesicles (2 wt%) in water-glycerol mixtures are shown here. From left to right, 
the water-glycerol content changes from 50/50 to 0/100. Samples from 50/50 to 30/70 
appear bluish and do not show flow birefringence, whereas samples from 20/80 to 0/100 
appear clear and exhibit flow birefringence. (b) The optical density and diameter of the 
lecithin samples are shown here for increasing glycerol content.  
 
An unusual observation about the 20/80, 10/90 and 0/100 samples is that they 
exhibit flow-birefringence. Birefringence implies that the sample has different refractive 
indices along perpendicular directions. To assess birefringence, samples are viewed under 
crossed polarizer plates. The above samples do not show birefringence at rest, but when 
the vials are shaken, streaks of light become visible in them, and this is called flow-




not seen for the samples from 50/50 to 20/80 water/glycerol. On the contrary, flow-
birefringence is associated with wormlike micelles (WLMs) because flow causes 
alignment of WLMs, and aligned chains will interact differently with light along 
directions parallel and perpendicular to their axis of alignment.18,50  
 
Figure 5.1b plots the optical density (OD), obtained by UV-Vis spectroscopy, for 
each of the samples in Figure 5.1a. The OD is a measure of sample turbidity. In addition, 
the hydrodynamic diameter (Dh) from DLS for the samples is also plotted. To obtain Dh, 
the calculation requires the viscosity of the solvent, which is a parameter in the Stokes-
Einstein equation that relates the diffusivity measured by DLS to Dh. The data for OD 
confirm the visual observations and show that the samples become increasingly clear at 
higher glycerol content. The Dh from DLS is measured to be around 110 nm for samples 
with 50-70% glycerol, and around 150 nm for higher glycerol contents. Note that the 
lower turbidity from the 20/80, 10/90 and 0/100 samples meant that the scattered 
intensity (count rate) in DLS for these samples was also low. Hence, the Dh values for 
those samples must be viewed with some caution. Still, the fact that consistent diameters 
are obtained across the range of solvent compositions implies that vesicles are present in 
all the samples, including in pure glycerol.  
 
5.3.2 Lecithin in Polar Solvents: Rheology  
The previous results suggested that a sample of 2% lecithin in glycerol may 
contain vesicles. Next, we proceeded to study higher concentrations of lecithin in 




the vesicles would convert from unilamellar to multilamellar, and moreover, the samples 
would tend to be unstable and form two phases over time at room temperature. It should 
be noted that solid lecithin (powder) is insoluble in water – and so the lipid must be 
forced into water through the thin-film hydration method, followed by high shear 
(sonication or extrusion) to finally give rise to vesicles.  In the case of glycerol, a solvent 
that is less polar than water, lecithin powder can be dissolved completely even at 15% 
without the need for high shear, and the resulting samples are clear and homogeneous.  
 
We found, to our surprise, that most of these lecithin-glycerol samples were 
highly viscous or gel-like. This is shown by the steady-shear rheological data on the 
samples in Figure 5.3a, where the relative viscosity (η/ηsolvent) is plotted as a function of 
shear-rate. For the 2 wt% sample, there is hardly any change in viscosity relative to the 
solvent, i.e., η/ηsolvent is 1.6, and the sample shows Newtonian behavior (viscosity 
independent of shear-rate). The 4 and 8% samples are moderately shear-thinning, with 
the viscosity being constant at low shear-rates (this value is called the zero-shear 
viscosity η0) and then decreasing at higher shear-rates. The 15% sample is strongly shear-
thinning and its η0/ηsolvent is 1880. Visual observation shows that this sample is gel-like 
and is able to hold its weight in an inverted vial (Figure 5.3b). We had previously 
mentioned that the 2% lecithin sample (Figure 5.2a) was flow-birefringent. This is also 
the case for the 4 and 8% samples. The 15% sample is birefringent even at rest, as shown 
by the photo under crossed polarizers in Figure 5.3b. Static (at-rest) birefringence is 




are formed by surfactants only above 20 wt%. So, what exactly is the nature of the 15% 
lecithin sample: does it contain vesicles, micelles, or something else?  
 
 
Figure 5.3. Steady-shear rheology for lecithin in glycerol solutions. (a) The steady-
shear rheology (plots of the relative viscosity η/ηsolvent as a function of shear-rate) for 
lecithin concentrations 2, 4, 8 and 15 wt% in glycerol are shown. The 2 wt% lecithin 
sample shows Newtonian behavior, whereas 4, 8 and 15wt% lecithin samples are shear 
thinning. (b) The left image shows the vial inversion test for 15 wt% lecithin in glycerol, 
indicating that the sample can hold its weight and is gel-like. The right image is taken 
under cross polarizers and shows that the sample is birefringent at rest (bright streaks of 
light are visible). The dynamic rheology of (c) 4 wt%, (d) 8 wt% and (e) 15 wt% lecithin 
samples are shown. The 4 wt% and 8 wt% lecithin samples show viscous response, and 
15 wt% lecithin sample is gel-like. In all cases, the elastic modulus G′ and the viscous 






Dynamic rheological spectra for the samples in Figure 5.3a are shown in Figure 
5.3 c, d and e. These are plots of the elastic modulus G′ and the viscous modulus G″ as 
functions of the frequency ω. The 4% sample shows a viscous response, with G″ > G′ 
over the range of ω. The response of the 8% sample is similar, although G″ and G′ are 
closer to each other. Conversely, the 15% sample shows rheology that is characteristic of 
a weak gel, consistent with the photo in Figure 5.3b. In this case, at low ω, G′ > G″, with 
G′ tending towards a plateau value around 20 Pa. This indicates elastic behavior at long 
timescales, i.e., the structure in the sample stores the energy of deformation without 
relaxing.   
 
Figure 5.4. Birefringence of lecithin samples in ethylene glycol (EG) and formamide. 
All sample images are taken under cross polarizers. The samples of lecithin in (a) EG and 
(b) formamide containing 4, 8 and 12 wt% lecithin are shown. All samples are highly 
birefringent at rest, except for 4 wt% in formamide, which is flow birefringent. The 8 






Solutions of lecithin were also prepared in two other polar solvents: ethylene 
glycol (EG) and formamide. The results were broadly similar to those in glycerol, with 
some differences. In EG, the 4, 8 and 12% lecithin solutions are viscous, but not gel-like 
as they flow in an inverted vial. Interestingly, even at 4%, the sample is highly 
birefringent at rest, as shown in Figure 5.4a. At 8% lecithin, a co-existence of two liquid 
phases is observed, with most of the lipids being confined to the upper phase, which is 
birefringent, whereas the lower phase is a thin EG solution. In formamide, the 4, 8 and 
12% lecithin solutions are much more viscous than in EG, and the 12% sample is gel-like 




Figure 5.5. Dynamic rheology of lecithin in formamide. In all cases, the elastic 
modulus G′ and the viscous modulus G″ are plotted vs. frequency ω. The samples contain 
lecithin in formamide at concentrations of (a) 4 wt%, (b) 8 wt% and (c) 15 wt%. The 4 
wt% sample shows viscoelastic response, whereas 8 and 12 wt% samples show gel-like 
response.  
 
The dynamic rheology of the formamide samples are shown in Figure 5.5. The 
4% sample shows a viscoelastic response, with G″ > G′ at low ω and G′ > G″ at high ω. 




The G′ value in its plateau region is ~ 12 Pa for the 8% sample and 35 Pa for the 12% 
sample. We emphasize that the gel-like rheology for 15% lecithin in glycerol and 12% 
lecithin in formamide is very unusual. We had speculated if our samples contain WLMs, 
but if so, the rheology would have been viscoelastic (intersection of G′ and G″), not gel-
like. WLMs also would not show birefringence at rest.        
 
 
Figure 5.6. Temperature progression for a lecithin in glycerol sample. In all cases, 
the elastic modulus G′ and the viscous modulus G″ are plotted vs. frequency ω. The 15 
wt% lecithin in glycerol sample is studied at different temperatures (a) 25 °C, (b) 45°C 
and 65 °C. The sample remains gel-like at all temperatures. Inset: Vial photo of 15 wt% 
lecithin in glycerol at 65 °C. 
 
The rheology of the gel-like samples was also investigated as a function of 
temperature (T), and this was done for the sample of 15% lecithin in glycerol. Plots of G′ 
and G″ vs. ω at 25, 45 and 65°C are shown in Figure 5.6. From the data, it is clear that 
the sample remains gel-like over the entire range of T, and the plateau value of G′ 
remains nearly constant with T. This is also consistent with visual observations, and a 




the crossover frequency ωc at which the moduli intersect. For ω > ωc, the viscous solvent 
(glycerol) influences the rheology. From the data, ωc shifts to higher ω with increasing T, 
reflecting the reduction in viscosity of glycerol with T. The invariance in rheology with T 
is another indication that this sample does not contain WLMs. If the sample had WLMs, 
its viscosity would have significantly reduced upon heating because WLMs become 
exponentially shorter with increasing T.  
 
5.3.3 Lecithin in Polar Solvents: Nanostructure 
   
 
 
Figure 5.7. Cryo-SEM images of lecithin samples in glycerol. The electron 
micrographs for (a) 2 wt% and (b) 8 wt% lecithin in glycerol are shown. Both images 
show spherical structures ranging from 50 nm to 600 nm. The spheres are widely 
separated for 2 wt% sample but are very densely packed for the 8 wt% sample. 
  
To make sense of the data shown up to this point, we need to elucidate the 
nanostructures present in the samples using microscopic or scattering techniques. With 
regard to microscopy, the technique of cryo-transmission electron microscopy (cryo-




However, cryo-TEM has not been used for solvents like glycerol, and moreover, the high 
viscosity of our samples complicates sample preparation for cryo-TEM. Therefore, we 
resorted to a related, but different technique, which is cryo-SEM. In this technique also, 
the sample is frozen rapidly so as to vitrify the solvent and thereby preserve the structure.  
 
Representative images from cryo-SEM are shown in Figure 5.7 for samples of 2% 
and 8% lecithin in glycerol. Both samples contain spherical structures with diameters 
ranging from 50 to 600 nm. The spheres are well-separated in the 2% sample (Figure 
5.7a). The smallest structures in this image appear to be in the background, and it is not 
clear if their actual sizes are larger. At the higher lipid concentration of 8% (Figure 5.7b), 
there are many more spheres in the field of view, and the spheres are close-packed so as 
to fill up the volume.    
 
A logical inference from the images is that the structures are vesicles. They are 
too large to be spherical micelles (which are generally around 5 nm in diameter) and 
there is no evidence in the images for alternative possibilities such as cylindrical chains 
(WLMs) or lamellar sheets. The vesicles in these images are comparable in size with the 
average Dh measured by DLS, which was 110 nm (Figure 5.2). The sizes seen here are 
also comparable with the sizes of liposomes formed by lecithin in water, which generally 
fall in the 100–200 nm range.  Note that a 50 nm vesicle in the images is likely to be 
unilamellar, i.e., have a shell of ~ 5 nm thickness formed by a single bilayer. On the other 
hand, a 600 nm vesicle is likely to be multilamellar, i.e., it will be an onion-like structure 




conclusively between unilamellar and multilamellar vesicles. However, a majority of the 
vesicles being multilamellar could account for the birefringence (see below).93,94 
 
One key insight from the images of the 8% sample in Figure 5.7b is that close-
packing of vesicles could account for gel formation in these systems. Our rheological 
data indicated that the 8% sample was viscous, but not a gel (Figure 5.3). If the lecithin 
concentration was increased to 15%, the vesicle volume fraction would further increase 
and the vesicles would be even more densely packed, which could result in the gel-like 
rheology for this sample.      
 
 
Figure 5.8. SANS and SAXS for lecithin in glycerol. Each plot shows the scattered 
intensity I vs. wave vector q. (a) SANS data for of 3.2 wt% lecithin in deuterated (d-8) 
glycerol. (b) SAXS data for 15 wt% lecithin in glycerol. Slope values at different q-






We also used scattering techniques (SANS and SAXS) to probe the nanostructure 
in lecithin-glycerol samples. SANS data are shown in Figure 5.8a as a plot of the 
scattering intensity I vs. wave vector q for a sample of 3.2 wt% lecithin in deuterated 
glycerol. The deuterated solvent was used to ensure sufficient contrast between the 
scattering objects and the liquid. The SANS data reveal a complex pattern that is rather 
different from that of vesicles in water, which show a characteristic slope of ‒2 at low 
and intermediate q. Here, a slope of ‒1.5 is found at intermediate q. At higher q, an 
inflection is seen in the SANS data at q* = 0.092 Å-1. From Bragg’s law, this corresponds 
to a length scale of 2π/q* = 6.8 nm. It is not clear if this length scale has a particular 
significance. One possibility is that it represents the spacing between adjacent bilayers in 
a multilamellar vesicle.  
 
SAXS data are shown in Figure 5.8b, again as an I vs. q plot, with I on an 
arbitrary scale. This data was acquired on a concentrated (15%) lecithin sample in 
glycerol, which is gel-like and birefringent at rest (Figure 5.3). The SAXS data show a 
slope of ‒2.5 at low q, and the shape of this plot is again different from that of vesicles in 
water. Despite the birefringence, there is no evidence of peaks corresponding to a liquid-
crystalline phase for this sample.     
 
Based on all the results, what can we conclude regarding the nature of lecithin 
solutions in polar liquids? Considering that lecithin forms vesicles in water, we expected 
that it would form vesicles in polar liquids as well. However, some of our findings 




intensity of light scattering; (b) the static birefringence; and (c) the gel-like rheology. 
Nevertheless, we believe the cryo-SEM images conclusively prove that vesicles are 
indeed present in these samples, and we can explain how the above findings are 
consistent with this picture.  
 
 
Figure 5.9. Schematic of vesicle self-assembly in polar solvents. Vesicle solutions, 
obtained at low lecithin concentrations (~ 2wt%), are represented by widely separated 
multilamellar or “onion” vesicles in the left image. The multilamellar structures are 
represented as concentric vesicles. The vesicle gels are comprised of densely packed 
multilamellar vesicles which are obtained at high lecithin concentrations (> 10wt%).  
 
 
Schematics of the nanostructure in the samples at low and high lecithin 
concentrations are shown in Figure 5.9. In both cases, we suggest that the vesicles are 
multilamellar vesicles (MLVs), which are also termed ‘onions’ in the literature.91,93-96 At 
low lecithin concentrations, the MLVs are spaced well-apart and hence do not interact 
with each other (Figure 5.9a). The sample is then like a suspension of spherical particles 
occupying a volume fraction φMLV of ~ 40%, and its viscosity is low. As the lecithin 
concentration increases, φMLV increases to more than 60%, and the vesicles become close-
packed, i.e., they fill up the entire volume. At this point, the sample starts to show gel-




throughout the sample because each MLV is in contact with its neighbors. Thus, the 
close-packed MLVs act like a connected structure, similar to a network of chains, and the 
structure does not relax, which is why G′ shows a plateau at low ω.97      
 
The above results are consistent with previous studies on stable MLVs (onions) in 
water at high packing densities.88,89,92-96 Such systems with MLVs did not use lipids, but 
instead were typically mixtures of a surfactant, a co-surfactant (like an alcohol), and salt. 
In several cases, close-packed MLVs exhibiting gel-like rheology have been reported.88-90 
Moreover, many such systems are reported to be birefringent at rest when φMLV is high 
and flow-birefringent at lower φMLV, which is exactly what we observe.98 The gel 
modulus of these MLV systems has been shown to increase with φMLV, and it also 
increases as the MLV size decreases.91,98 The term ‘vesicle gel’ has been used to describe 
these systems.  
  
Finally, we should mention some of the unique aspects about our ‘vesicle gels’ 
made with polar liquids in contrast to the aqueous vesicle gels. In aqueous systems, the 
sizes of MLVs are typically a function of the shear applied on the sample during sample 
preparation. This is because the MLVs are usually not an equilibrium state; instead, they 
are formed by shearing lamellar sheets. The higher the shear, the smaller the MLVs. In 
contrast, our vesicle gels of lecithin in glycerol do not show any shear-dependence, and 
this may be because the lipid is completely soluble in glycerol. Also, all samples of 
lecithin in glycerol are highly stable and can be stored at room temperature for several 





With regard to the clarity of lecithin-based samples in glycerol, we believe the 
reason may lie in the refractive indices (n) of the lipid (lecithin) versus those of the 
solvent. Although a precise value of n for lecithin is not available, we can estimate the n 
to be similar to those of long alkanes or alkenes, since the lipid has long alkyl tails. For 
example, the n for hexadecane is 1.43. In the case of the solvents, n for water is 1.33 and 
n for glycerol is 1.47. This suggests that the n for the lipid may be much closer to that for 
glycerol, which means that the optical contrast between the vesicle bilayer and the 
solvent will be low. This could explain why the vesicle solutions and gels in glycerol do 
not scatter light as strongly, i.e., they are much more clear (less bluish or turbid) than 
vesicles in water.    
     
5.4 Conclusions 
 This study has demonstrated that vesicles can be self-assembled in a variety of 
polar organic solvents including glycerol, formamide and ethylene glycol. The 
amphiphilic molecule used to create these vesicles is the simple phospholipid, lecithin or 
soy-phosphatidylcholine. Lecithin is insoluble in water, but dissolves readily in polar 
solvents at concentrations up to 15%, with the resulting fluids being clear and colorless. 
At low concentrations (~ 2 to 4%), the fluids are viscous and flow-birefringent. At higher 
concentrations (> 10 wt%), the fluids are gel-like and strongly birefringent at rest. 
Dynamic rheology of the latter reveals an elastic, gel-like response, with G′ > G″ and G′ 
being frequency-independent at low frequencies. Images from cryo-scanning electron 




MLVs (onions), with sizes between 50 to 600 nm, are close-packed across the entire 
sample volume. This structure explains both the rheology and the birefringence. To our 
knowledge, this is the first report of such a ‘vesicle-gel’ phase in polar solvents. Our 
study significantly expands the possibilities for self-assembly in polar solvents, and our 
new formulations may open new avenues for applications in cosmetics, pharmaceutics, 







Conclusions and Recommendations 
 
6.1 Conclusions 
In this dissertation, we have presented the self-assembly of surfactants and lipid in 
polar organic solvents, forming different types of macromolecular structures. 
Specifically, we have focused on the self-assembly of wormlike micelles (WLMs) and 
vesicles in non-aqueous polar solvents including glycerol, ethylene glycol and 
formamide. Our studies contribute towards the fundamental understanding of self-
assembly in polar solvents, as well as has technological significance by finding 
applications in pharmaceuticals, cosmetics, lubricants and anti-freezing agents.  
 
In chapter 3, we have shown that wormlike can be formed in polar organic 
solvents including glycerol and formamide. We have formed long, flexible WLMs by 
employing a system of long tailed (C22) cationic surfactant, erucyl bis(2-
hydroxyethyl)methyl ammonium chloride (EHAC) and binding salt, sodium salicylate 
(NaSal) in glycerol. This forms a highly viscous and viscoelastic solution, and a unique 
dynamic rheology is obtained with two crossovers between viscous and elastic moduli 
(G′ and G″). We found that simple salts such as sodium chloride (NaCl) or potassium 
chloride (KCl) were unable to induce WLMs in glycerol, whereas they do so in water. 




in non-aqueous polar solvents by exploiting the low Krafft temperature of the surfactant 
and the low freezing points of glycerol and ethylene glycol mixtures. This study may 
have potential applications in forming lubricants and anti-freezing coating for airplanes 
and turbines at very low temperatures.  
 
In chapter 4, we have further investigated the dynamic rheology of wormlike 
micelles formed in glycerol as compared to that in water. In particular, the dynamic 
rheology exhibits multiple crossovers between viscous and elastic moduli (G′ and G″) in 
the frequency range of mechanical rheometer (10-2 to 102 rad/s). This can be achieved in 
water at very high frequencies by using advanced techniques such as diffusive wave 
spectroscopy (DWS). For WLMs in glycerol, the second crossover is observed at a 
frequency around 10 rad/s, whereas it is found at ~105 rad/s for WLMs in water or 
polymer solutions. This occurs due to high viscosity of the solvent which affects the 
segmental motions of chains at high frequencies. Furthermore, the low diffusivity of the 
WLMs in glycerol prevents the chains from undergoing stress relaxation by breaking and 
recombination method, and they behave similar to polymer solutions. We found that the 
wormlike micelles in glycerol are shorter, weakly entangled and less dynamic that those 
in water.  
 
In chapter 5, we have shifted our attention to the self-assembly of vesicles in polar 
organic solvents such as glycerol, formamide and ethylene glycol (EG). We have used 
lecithin, or soy-phosphatidylcholine, which is one of the most commonly used 




lecithin forms multilamellar vesicles in solutions of glycerol, formamide and EG. For 
high concentrations of lecithin (~15 wt%) in glycerol, a gel-like sample is obtained which 
can hold its weight in an inverted vial, and shows a gel-like response in dynamic 
rheology. In addition, the lecithin samples in glycerol, formamide and EG are either 
highly birefringent at rest or flow birefringent when observed under cross-polarizers. 
Further investigations from electron microscopy reveals that low lecithin concentrations 
(~2 wt%) have widely separated vesicles, whereas a close packing of multilamellar 
vesicles (onions) is observed at high lecithin concentrations (>8 wt%). Thus, we show 
that a densely packed system of vesicles, known as ‘vesicle gels’, are formed in glycerol 






6.2 Recommendations for Future Work 
We suggest two main projects for future work, which would extend the studies conducted 
in this dissertation as well as explore new concepts and applications.  
 
6.2.1 Wormlike Micelles Dynamics using Molecular Simulations 
 In the recent years, computer simulations techniques have been applied to study 
the dynamics of surfactant aggregation by using molecular dynamics or coarse-grained 
techniques. Molecular dynamics simulation (MD) is an important tool to explore the 
dynamics of wormlike micelles. We have discussed the formation of wormlike micelles 
(WLMs) in polar organic solvents such as glycerol and formamide in chapters 3 and 4. 
We have also studied the dynamic rheology of these solutions which shows that the 
WLMs in glycerol are less likely to undergo stress relaxation using breaking and 
recombination mechanism, but rather reptation and breathing modes are observed. A 
study focusing on the dynamic interactions of wormlike micelles and stress relaxation 
methods can provide invaluable addition to the experimental results shown here. The 
comparison with water also indicated that WLMs in glycerol are formed using EHAC 
and binding salts such as NaSal, but simple salts such as NaCl are unable to induce 
WLMs in glycerol. Typically, WLMs are induced due to reduction in electrostatic 
repulsions between surfactants by adding salt counterions. This leads to conversion of 
spherical to cylindrical micelles. The counterions generated by binding salts are 
embedded in the micellar layer and are more effective in forming wormlike micelles. 
This difference in interaction of salts with micelles in glycerol can be explored using MD 




6.2.2 Self-Assembly in Water-Solvent mixtures 
We have shown that wormlike micelles (WLMs) and vesicles can be formed in 
pure polar organic solvents including glycerol, formamide and ethylene glycol (EG). 
Future studies can be based on bridging the gap between pure water and pure solvent by 
extending the studies to water-solvent mixtures. We have performed preliminary 
experiments for forming WLMs in water-EG mixtures using the same system of 
surfactant and salt (EHAC-NaSal).  
 
 
Figure 6.1 Phase behavior of WLMs in water-EG mixtures. WLMs were studied for 
increasing NaSal/EHAC molar ratio at different concentrations of water-EG mixtures 
ranging from 60/40 to 100/0 water-EG. The EHAC concentration is 60 mM. The blue and 
red data indicate the single phase (isotropic) and 2-phases (coacervate) of WLMs 
solutions respectively.  
 
For EHAC-NaSal WLMs in water, an unusual phase behavior has previously been 
reported such that a coacervate phase is obtained below a characteristic temperature 




phase) at room temperature undergo phase separation upon heating, and this is known as 
‘cloud’ phenomenon. At 25 °C, it has been observed that the liquid-liquid coacervate 
phase is obtained for an intermediate range of salt/surfactant ratios resulting in surfactant-
rich and surfactant-poor phases.  
 
Here, figure 6.1 shows the phase behavior of wormlike micelles in water-EG 
solvent mixtures formed by gradually replacing water with EG from 100/0 to 60/40. For 
60 mM EHAC solution in water, increasing the NaSal/EHAC molar ratio from 0.1 to 10 
shows a 2-phase region for salt/surfactant ratio from 1 to 5. When EG is added to the 
solution to form 90/10 and 80-20 W-EG samples, we observe that the 2-phase region 
shrinks to between 1 and 4. Further increasing the concentration of EG to 70/30 shrinks 
the coacervate phase region more to only samples exhibiting coacervate phases between 
surfactant/salt ratio of 2 and 3. Interestingly, the 2-phase region is not observed at all for 
60/40 W-EG samples, and all the samples are isotropic in nature. This shows that 
introducing EG in WLMs in water can change the phase behavior of the WLM solutions. 
This reveals a systematic trend in the phase behavior of W-EG WLMs. For future studies, 
we recommend a systematic study of how the phenomenon of ‘coacervation’ and ‘cloud 
points’ are affected when the solvent is changed from pure water to a mixture of water 
and a polar liquid like EG.  Similar studies performed for water-glycerol solvent mixtures 
would also be interesting in understanding the effect of different solvents on the self-
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